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PROBLEMS OF 220-KV. POWER TRANSMISSION

BY A. E. SILVER

ABSTRACT OF PAPER
The dependence of industrial progress upon an adequate

supply of electrical power, together with the vital need for a
rational policy of conservation of the country's fuel resources,
points to a probable- early demand for transmission of large
blocks of power from distant energy sources-coal fields and
water powers. Two hundred and twenty kv. is suggested as a log-
ical voltage for such high-capacity, long-distance transmission,
and the important problems introduced by large concentrations
of power, high voltage and high service standards are discussed.
The economic and technical considerations underlying design
of a 220-kv. system are outlined, and general designs are devel-
oped for a typical 220-kv. transmission line.
The studies made establish confidence in the conclusion that

220-kv. transmission is feasible as an immediate commercial prop-
osition. Established principles of design and present types of
equipment, with proper adaptation to the new conditions, are
applicable to 220-kv. service. While all essential problems seem
assured of acceptable solution, attention is directed to certain
points as to which further investigation and experimental re-
search are needed to determine most effective designs.

It is hoped that the paper may in some measure aid in the work-
ing out of this advance in the art by promoting constructive
discussion and stimulating the needed investigations.

INTRODUCTORY
ECONOMIC development of the country's power resources

is fundamental to the industrial progress of our national
life. The growing recognition by our economists, engineers
and industrial leaders, and even by the public, of the signifi-
cance of the power supply problem must soon result in an
insistent demand upon the engineering profession for large and
bold strides in the solution of the attendant engineering frob-
lems.
The vital dependence of industrial advancement upon an

adequate power supply has been strikingly illustrated in our
struggles to meet the industrial demands of the war emergency.
The experiences of this trying period have resulted, also in a
quickened understanding of the need for conservation of our
natural power resources. The labor and commodity situation

1037
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accentuates the demand for greater unit productiveness,
possible only through greater use of power in industrial opera-
tions, and for prompt progress toward broadly economical
methods of power supply. A major step toward conservation
of fuel resources and general commercial economy is recognized
to lie in gradual substitution of electric transmission of energy
for railroad transportation of fuel to be used in local generation
of power. Interconnection of electric power systems, both
prior to and during the war, has demonstrated the marked
benefits obtainable by taking advantage of diversity of loads
and other attendant economies and the well established move-
ment toward general and extensive interconnection is still
gathering headway. The relation of the railroad elect ification
problem to fuel conservation is well recognized and for years
has been consistently expounded by able engineers.

These influences lead directly toward large scale develop-
ment, at the source, of our natural energy reservoirs, the coal
fields and the potential water powers. An essential feature of
such development will be the transmission electrically of great
blocks of power, over increasingly great distances, to strategic
centers of distribution in or near present and future industrial
districts. This trend of the power industry has long been
recognized, and important steps toward its realization are a
certain and not distant eventuality. Further elaboration of
the subject is unnecessary to the purposes of this paper.

THE FIELD FOR 220-KV. POWER TRANSMISSION
Visualization of the demands of this evolution points to the

need of trunk electric transmission service of a capacity and
range of greater magnitude than thus far developed or required.
Increasing distances and increasing quantities of power require
an increasing voltage for economic transmission. The quanti-
ties and distances involved in the broad field outlined in the
preceding paragraph pass beyond the economic range of existing
transmission voltages. The practical working out of this next
step in the transmission art is a problem now definitely facing
the engineer and manufacturer.

Scarcely more than ten years ago an operating voltage of
100 kv. was remarkable; today 130 kv. may be considered
standardized and 150 kv. is in sufficiently extensive use to
have established its reliability.
Two hundred and twenty kv. appears a logical choice for the



1919] SILVER: POWER TRANSMISSION 1039

next step in the transmission voltage schedule. Why 220 kv.,
it may be asked? Beca-use, from an appraisal of the general
situation, a voltage of this order is considered adequate for the
immediately pending needs of the industry and commensurate
with expected growth in transmission service demands for a
considerable period. Its suitability to a variety of conditions
and the probable extent of its use would assure it a place in the
schedule of transmission voltages which commercial needs are
rapidly standardizing. Furthermore, such a voltage, while
representing a step beyond present usage sufficient to afford a
distinct economic advantage, does not reach so far into unin-
vestigated fields but that the problems of development and
design can be approached with full confidence of early com-
mercial solution.
The particular numerical value of 220,000 is in accord with

the well established practise of standardization in multiples of
11,000. In some instances, it may be an incidental con-
venience that this voltage is the double of the extensively used
110 kv.
An illustration of the advantage for long transmission dis-

tances of 220 kv. over the highest present system voltage, 150
kv., is given in Figs. 1 and 2. This comparison is based upon
a transmitted load of 500,000 kw. The same relative advan-
tages will obtain for larger loads, and, above a certain minimum,
for smaller loads.
The field of 220 kv. is not broad. Its economic application

is primarily to large blocks of power and long transmission
distances. It is in no sense a panacea for transmission prob-
lems generally. It presumably will infringe to some extent
upon the present fields of the lower transmission voltages, but
will by no means tend to supersede their use, in fact it will
considerably enlarge the field of usefulness of such secondary
transmission voltages as 66 kv. and 110 kv. It is not a uni-
versally suitable medium for extensive interconnection of
power systems.
Power from steam-electric stations in the coal fields or from

large hydroelectric stations would advantageously be trans-
mitted over 220-kv. lines to terminal substations at important
load centers or at the hubs of secondary transmission networks
serving industrial areas. The introduction of transmitted
power, in amounts limited only by the load demands, will
constitute a strong stimulus to expansion of these networks.
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Power equalization between load centers might frequently best
be accomplished through extension of these secondary trans-
mission lines. Interconnection at 220 kv. would be expected
only where the equalizing duty reaches a large magnitude,
where there is no existing secondary transmission system
suitable to serve as a basis for inter-connecting lines, or where
interconnecting 220-kv. lines might function also as a supple-
mentary or important reserve link in a main 220-kv. trunk
transmission system.
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FIG. 1-ECONOMIC COMPARISON OF 154-KY. AND 220-KV. TRANSMIS-
SION-CONSTRUJCTION COSTSEVEN LINES 154 KY. AND FOUR LINES
220 KV.-500,000 KW. DELIVERED

Costs include those of lines, step-up and step-down substations and synchronous con-
densers.

Costs of line per mile 154 kv. $20,000. 220 kv. $23,500all costs based on early 1919
prsces.

Size of conductor 92,900 cm. steel-716,000 cm. aluminum.
Voltages high side of transformers, receiver end 150 kv. and 200 kv., sending end 170 kv.

and 225 kv.

To a marked extent, and especially in the earlier stages of
its introduction, power transmitted at 220 kv. will be high
load-factor power. The initial investment in a 220-ky. system,
including as essential elements the step-up and step-down
stations, will be of such magnitude that there will be a strong
inducement to utilize the investment as neavly continuously as
practicable, thus reducing the unit transmission cost of energy
supplied. The natural economic tendency in introducing
power transmitted from distant energy sources will be to
supply base load, leaving the peak loads to existing local
generating stations. It is to be expected that high-voltage
transmission from energy sources, fundamentally economic as
it is believed tobe, will in general for years contribute only a
part of the power supply of any district. The relegation of
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existing stations to partial operation or reserve service will be
gradual, and, even when transmitted power becomes the main
reliance, presumably it will usually prove more economical to
maintain local stations for reserve and short peak load service
than to provide necessarily expensive transmission capacity
for such short periods of actual use.

268
-220 Kv.
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-154Kv.__
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LENGTH OF TRANSMISSION LINE - MILES

FIG. 2-ECONOMIC COMPARISON OF 154-Ky. AND 220-KV. TRANSMIS-
SION-FIXED CHARGES AND OPERATING COSTS-SEVEN LINES 154 KV.
AND FOIJR LINES 220 EV.-500,000 KW. DELIVERED

Costs and losses include those of lines, step-up and step-down substations and syn-
chronous condensers.

Costs of line per mile, 154 kv. $20,000, 220 kv. $23,500-all costs based on early 1919
prices.

Size of conductor 92,900 cm. steel-716,000 cm. aluminum.
Losses based on 0.95 load factor and 0.85 power factor delivered load.
Cost of energy 5 mils per kilowatt-hour.
Fixed charges and operating expenses of transmission lines 13 per cent, substations 15

per cent.
Voltages high side of transformers, receiver end 150 kv. and 200 kv., sending end 170 kv.and 225 kv.

A characteristic of the field of 220-ky. transmission which
exercises a determining influence upon designs and costs is that
it is a field of high service standards. A 220-ky. system, with
the generating stations for which it would be the outlet, would
represent a tremendous amount of power. The economic
importance of reliability and continuity of this power, in vriew
of the great volume of industrial enterprises and public utilities
which would be dependent upon it, is of so high an order that
new standards of care in design and conservatism in construction
are imposed. The aim, and a not unrealizable aim, is to make
high-voltage, large-capacity transmission for all practical pur-
poses equal in dependability to local generation of power.
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SCOPE OF PAPER
Based upon such a conception of the field of 220-kv. trans-

mission, it is the aim of this paper to carry through an analysis
of a typical transmission problem, sufficiently specific as to
assumptions to afford a basis of designs, but not limited to any
exact geographical location. Conditions underlying designs
are analyzed, certain salient features of the design of lines and
apparatus are discussed, proposed types of construction are
considered and an effort is made to point out the problems of
the designer and the manufacturer, particularly in those
applications where there is apparent need of more thorough
investigation and research before particularized conclusions
can be drawn with confidence. It is not intended that the
paper be in any sense exhaustive as to completeness of conclu-
sions or solution of details of the problem, which for any specific
case will involve extensive and thorough studies and investiga-
tions based upon specific load characteristics, geographical
conditions and other basic considerations.
The studies have been guided by the desire that any recom-

mendations should be capable of prompt commercial execution.
In other words, it has been the aim to outline a type of con-
struction built up essentially of established factory products in
such way as to insure initially successful results. At the same
time an attempt has been made to point out the short-comings
which must be tolerated and the apparent opportunities for
more efficient solutions.

It is the desire and hope that this tentative development of
the problem in outline will afford a basis and incentive for full
and constructive discussion by those interested in the advance-
ment of the art of power transmission. It is hoped also that it
may encourage designing engineers and manufacturers to
undertake needed investigations into insufficiently explored
fields as the foundation for developing designs for suitably
improved apparatus and line materials. There would seem
to be promising opportunities for distinct and beneficial de-
partures from prevailing practises.

DESIGN FEATURES OF 220-KV. TRANSMISSION LINES
General Assumptions. Before considering the specific de-

signs which are suggested for 220-kv. transmission lines, a brief
statement will be made of the basic underlying assumptions as
to loads to be transmitted, as to frequency and type of system
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to be adopted and as to climatic loadings and corona conditions
to be assumed.
As to amount of load to be transmitted, it is assumed that

even an initial 220-kv. system would be laid out on a basis of
two or more main generating stations connected to load centers
by a number of circuits. The load per 220-kv. circuit has been
assumed to be from 100,000 kw. to 125,000 kw. A lower load
per circuit than 100,000 kw. would entail a considerable
sacrifice of the economy obtainable through use of 220 kv. No
discussion is offered as to the maximum economic load per
220 kv. circuit, i. e., as to the point above which additional
circuits should be provided, since in any initial system the
number of circuits would be determined from considerations
rather of reliability insurance or load distribution than of
maximum inherent economy. Where the studies involve a
specific transmission distance, 250 miles has been assumed for
purposes of illustration. The economic range of 220 kv. as to
distance is very large.
The frequency of a 220-kv. trunk transmission system should

be 60 cycles. For a general power distribution system furnish-
ing lighting and power service in cities and industrial centers,
the superiority of 60 cycles over 25 cycles has been well estab-
lished, and for a transmission system delivering power to such
a distribution system, the decision as to frequency unquestion-
ably must follow the requirements of the load. In some
districts, for which 220-kv. transmission may come up for
consideration, it presumably will be found that both 60 cycles
and 25 cycles are in use, possibly that 25 cycles in amount of
load is still predominant. Even in these cases, however, the
tendency in new development will be found away from 25
cycles, and it would be serious economic error to compromise
so important an undertaking as a 220-kv. transmission system
with a frequency approaching obsolescence.

High-capacity long-distance transmission will inevitably
play a significant part in electrification of main line railroads.
In instances where alternating-current electrification is an
important factor in a project, there may be greater seeming
inducements in favor of 25 cycles, but even in such cases it is
believed that consideration of the general and industrial por-
tions of the load, of the probable tendency of future growth
and of the trend toward wide-spread interconnection will lead
to a decision for 60 cycles.
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From the standpoint of line performance alone, use of the
lower frequency would afford better conditions of voltage
regulation, but with synchronous condensers, which must be
regarded as an integral part of a modern high capacity trans-
mission system, the problem of satisfactory regulation at the
higher frequency is not serious. Incidental considerations,
none of them relatively important, are greater cost of 25-cycle
equipment, lower reactance of a 25-cycle system and hence,
heavier circuit breaker duty, and lower corona loss for 25 cycles.
The step to 220 kv. will by no means be the ultimate develop-

ment in power transmission. Eventually a demand may be
expected for transmission capacities and distances beyond the
economic range of this voltage, and the advance then to be
evolved may conceivably abandon 60 cycles for some very low
frequency, for direct current or for some other revolutionary
change in the transmission art. Such remote eventualities,
however, do not affect the considerations governing the step to
220 kv.
Transformer connections, at all installations, should be

grounded Y for the 220-kv. windings. The question of Y vs.
delta connections has in the past evoked considerable discussion
for each new undertaking, whatever the specific requirements
of the system, and debate may arise in connection with pro-
jected 220-kv. transmission. Modern thought and experience
shows a consistent tendency toward the use of grounded Y
connections over the whole range of higher voltages. For a
220-kv. system, in addition to a distinct gain in dependability
of operation, the requirements for line and equipment insula-
tion, with their attendant effect upon the size and cost of
equipment, particularly transformers, gives the grounded Y
arrangement a marked advantage.
The simultaneous conditions of maximum climatic conductor

loading used as a basis for line design have been assumed as
follows:

a. Wind pressure of 8 lb. per sq. ft. of projected area, cor-
responding to an indicated wind velocity of 72 mi. per hr.;

b. Ice of 112 inches radial thickness on all wires;
c. Temperature of 0 deg. fahr.

For checking clearances of conductors a maximum temperature
of 120 deg. fahr. has been assumed.
These loadings are, of course, far in excess of those used as a

basis for ordinary transmission line design. It is not believed
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that there is any reasonable likelihood of the line being sub-
jected to such a simultaneous combination of conditions.
From the standpoint of vertical tower loads; there is a real
possibility of occasional ice loadings as heavy as or even heavier
than assumed, and accordingly a reasonable margin of excess
vertical strength is called for. Justification for these appar-
ently extreme loading assumptions is found in the high service
standards which, as noted, must in general apply in 220-kv.
service. In view of the economic importance of continuity of
service, it is considered that this basis is not unreasonable for
a region where severe climatic conditions obtain, and in particu-
lar where heavy sleet is to be expected. Where climatic condi-
tions are more mild, a lighter loading basis should naturally be
assumed. In the planning of any particular project, this
question of assumptions as to line loading, and the underlying
economic conditions, should receive most careful consideration.

Corona formation and corona loss enter as a significant factor
in the design of transmission lines at this high voltage. The
conditions assumed for this study are:

a. Average elevation, 1000 ft. (normal barometer 28.9 in);
b. "Storm factor", or percentage of time during which

conductors would be subject to increased corona losses due to
rain, snow, sleet or fog, 12.5 per cent;

c. Conditions during "storm" periods, 28.4 in. barometer,
average temperature 55 deg. fahr.
Corona conditions likewise will require special study for each

particular installation, particularly the matter of "storm
factor." The ordinary source of data will be Weather Bureau
records. The published reports, however, while complete as
to amount of precipitation and number of days of which pre-
cipitation occurs, do not give in summarized form the actual
duration of storm conditions. A reasonably correct value of
the factor for any district may be obtained from study, extend-
ing over a considerable period, of the original records of individ-
ual storms at several stations in the district. The dividing
line between "storm" and "fair" conditions is, of course, not
clearly defined, and hence preciseness of results is difficult to
attain.

Conductor Materials and Types. Apparently the choice of
conductor materials and types for 220 kv. service is limited, at
least from the standpoint of immediate availability, to three
alternatives,
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1. Aluminum with steel core.
2. Copper with steel core.
3. All copper.,

Aluminum without steel core does not possess sufficient
mechanical strength for use on the span lengths in current use
for high-voltage transmission. From the standpoint of
mechanical strength, copper may be used either with or without
steel core. A copper cable with a core of some other type than
steel strand is a possibility; hemp cores have been used, but
experience, while inconclusive, appears to indicate that there
may be injurious chemical action; a semi-hollow copper cable
with internal spacers of wood or metal has been suggested, but
its feasibility has not been demonstrated and there seem to be
no real benefits. Such a dead weight "filler" decreases the effec-
tive strength of the cable.
As to the satisfactory performance of steel cored cables, there

appears to be but one point open to question; i. e., possible
electrolytic action between the galvanizing coat of the steel
and the main conductors. Composite aluminum cables have
been coming into increasing use during recent years, and from
the experience gained, there is growing assurance of freedom
from electrolytic action which would materially impair the
durability of the cable. Aluminum and zinc are not far
separated in the electro-chemical series, and aluminum is
electro-positive to the zinc, so that there is less reason for
anticipating trouble. There has been less experience with
copper cable with galvanized steel core, but theoretically the
conditions are somewhat less favorable, since copper is farther
separated from and electro-negative with respect to zinc. It
may be noted, however, that no injurious action has been
observed in the extensive use of gaivanized fittings with copper
cable. Further experience with such com.posite copper cables
is awaited with interest. In case injurious electrolytic action
is established with galvanized cores, there appear to be a
number of possible remedies, such as the use of copper plated
steel cores. A sufficiently heavy copper plating would, how-
ever, be -more expensive than galvanizing.

In general, for equal conductivity, the relative physical
advantages of the three types of conduetors may be summarized
as follows. Certain features noted will later be discussed in
more detail.
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Aluminum-steel vs. copper-steel
1. Less corona loss, due to larger diameter
2. Skin effect presumably approximately equal
3 Greater area exposed to wind loading, hence, greater trans-

verse tower strength and greater clearances required
4. Less tensile strength, hence more limitation upon height and

spacing of towers
5. Less weight (unimportant)

All-copper vs. composite cable
1. More corona, greater than either of above
2. All material effective as a conductor
3. Skin effect more serious in larger sizes, owing to high priced

material in the core
4. Less area exposed to wind loading
5. Less total tensile strength than either of above
6. Less weight than copper-steel
7. Homogenity of material, hence certain advantages in

construction, more positive assurance of durability and
higher scrap value

It will be seen that aluminum-steel, due to corona limitations,
has a greater relative advantage for smaller line loads, which
economically require smaller sizes of cable than for larger line
loads.
For any particular case and any given magnitude and charac-

ter of load to be transmitted, the choice of conductor type will
depend upon a complex economic balance between the cost of
materials involved, the losses due to resistance, corona, and
skin effect, and the mechanical characteristics of the cables.
Different loads may call for different types.
For the purpose of developing tower designs, a cable of

716,000 cir. mils of aluminum and 93,000 cir. mils of steel has
been used in the studies which follow, the considerations
upon which this selection was made will be discussed later.

Electrical Characteristics of Conductors. At such a high
voltage as 220 kv., one of the primary considerations in select-
ing size and type of conductor is corona formation and corona
loss in its relation to conductor diameter. The subject has
been extensively treated by Peek and others before the Institute
and the methods of calculation outlined by these authorities
have been employed in the studies which follow. In these
methods of analysis, it is necessary to assign values to the
principal factors affecting corona. The physical and climatic
conditions assumed have been stated earlier. The conductor
arrangement has been taken as a flat horizontal configuration
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with conductors separated 20 ft. Proper allowance has been
made for the unbalanced disruptive critical voltages due to
this horizontal configuration. The conductor irregularlty
factor, taking into account the effect of weathering of the con-
ductor with age and the irregular surface resulting from strand-
ing, has been assumed as 0. 87.

In Table I are shown, for a number of conductor sizes, the
fair weather and storm disruptive critical voltages and the
total corona loss for 250 miles. of circuit. Corona losses for

2000

0t 60 Load Factor
0

\ \ -75 Load Factor
<160 - - -
cl) 90 Load Factor
0
i514OC
'0
z

8120

TABLE~~~tIFO oXPAAORDA)

w 09

<6a-
o Note:-

various load factorsLetteass show positionan400 of conductors listed in

accurateTable 2
T 20c

K F G HA K C3- D
0 1

0.'0.9 1.0 1.1 1.2
DIAMETER OF CONDUCTOR IN INCHES

FIG. 3-220-Kv. CORONA POWER LoSS FOR 250-MILE CIRCUIT (SEE
TABLE I FOR EXPLANATORY DATA)
GENERATING VOLTAGE HELD CONSTANT AT 230 KY.

various load factors are shown graphically in Fig. 3. In deter-
mining the values of line voltage to be used in corona calcula-
tions, effective r. m. s. values of load were obtained from
hypothetical daily load curves prepared for various load factors,
and the mean voltages corresponding were determined from
typical line regulation curves (Figs. 4, 5 and 6). It is believed
that this method of analysis affords a reasonably and sufficiently
accurate estimate of corona losses.
The electrical characteristics of composite cables, other than
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as regards corona, are somewhat more complicated of analysis
than for a cable of homogeneous material, particularly as to
the effects of the steel core on the internal inductance and
effective resistance of the conductor. In the preparation of
these studies, access has been had to data from certain experi-

2i60 260HZ 6

,250 25050
o 0

240 00),800Kv 268,8400 Volts0
,4l8 Kw 3tChreLine

_____ _____ _____ (No allowanTce for Corona)

220 220=

200 =====,200
250 200 150 100 50 0

MILES OF LINE
RESULTS

High voltage Losses
Equiv. low (excl. corona

Curve Rec'r Cond'r Receiver Generator voltage gen. loss)
kw. ky-a.

kv. |% p. f. kv. p.:f. kv. %p. f. kw. %

250 mile line
A 0 *49,800 209.0 * 0.18 230.0 t 4.61 227.9 t 4.69 2,646
B 50,000 t 7,500 207.2 *78.00 230.0 t 96.15 228.1 t97.28 2,780 5.6
C 100,000 t81,000 203.0 *98.72 230.0 *100.0 231.3 *99.67 11,927 11.9

NOTE: *Indicates lagging quantities.
tIndicates leading quantities.

FIG. 4-220-KV. TRANSMISSION LINE CHARACTERISTICS-RELATIONS
BETWEEN KW., KV., P. F., AND CONDENSER KV-A.-CONDUCTOR-716,000
CM. ALUMINUM-92,900 CM. STEEL

CALCULATION ASSUMPTIONS
Steel core aluminum conductor-716,000 c. m. aluminum and 92,900 c. m. steel-20 ft.

horizontal spacing
Constant receiver volts-200,000 (low side receiver transformer, includes transformer

drop).
Constant generated volts-230,000 (high side generator transformer)
Loads-delivered at 75 per cent power factor
Transformer bank of 50,000 kw. capacity with-resistance 0.5 per cent, reactance 12.0

per cent
Two banks of transformers in parallel at each end of line.
Losses include those of line, transformers and synchronious condensers

ments recently conducted in regard to these effects. It is
understood that the investigators who have been carrying out
these experiments afiticipate presenting their findings in some
detail to the engineering profession at an early date. It may
be stated that this investigation indicates that in the practical
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application of inductance and resistance formulas and calcula-
tions to transmission line studies, the effect of the steel core
may be neglected.

Skin effect assumes appreciable proportions for the large
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MILES OF LINE

RESULTS
High voltage Losses

Equiv. low (excl. coronaCurve Rec'r Cond'r Receiver Generator voltage gen. loss)
kw. Ky-a.

kv. % p. f. kv.
n

p.f. kv. % p. f. kw. %

250 mile line
A 0 *49,000 209.0 * 0. 1S 230 t 5.48 227.9 1t 5.56 2,704
B 50,000 t 7,600 207.2 *78.24 230 t96.89 228.6 t97.70 2,691 5.4
C 100,000 t81,600 202.9 *98.80 230 *99.97 231.7 *99. 51 11,843 11.8

NOTE: *Indicates lagging quantities.
tIndicates leading quantities.

FIG. 5-220-xv. TRANSMISSION LINE CHARACTERISTICS-RELATION
BETWEEN KW., KV., P. F. AND CONDENSER KV-A.-CONDUCTOR-450,000
CM. COPPER-308,200 CM. STEEL

CALCULATION ASSUMPTIONS
Steel core copper conductor-450,000 c. m. copper and 308,200 c. m. steel-20 ft. hori-

zontal spacing.
Constant receiver volts-200,000 (Low side receiver transformer-includes transformer

drop)
Constant generated volts-230,000 (high side generator transformer)
Loads-delivered at 75 per cent power factor.
Transformer bank of 50,000 kw. capacity with-resistance 0.5 per cent-reactance 12.0

per cent
Two banks of transformers in parallel at each end of line.
Losses include those of line, transformers and synchronous condensers

sizes of conductor called for by 220-kv. transmission, particu-
larly in case of the larger sizes of all-copper cable. The calcu-
lation of skin effect in composite cables is somewhat more
complicated and burdensome than in the case of a homogeneous
conductor.
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The operating characteristics of a 220-kv., 250-mile line are
illustrated by Figs. 4, 5, and 6, which show for an aluminum-
steel, a copper-steel and an all-copper conductor the relations
between power transmitted, generator, receiver and line volt-
ages, power factor, condenser load and resistance losses.
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MILES OF LINE

RESULTS
Losses

High voltage High voltage Equiv. low (excl. corona
Curve Rec'r Cond'r Receiver Generator Voltage gen. loss)

kw k y-a.

kv. % p.f. kv. | % p.f. kv. %p.f. kw. %

250 mile line (solid line)
A 0 *49,000 209. 0 * 0. 17 230 t 5.2 228.0 t 5.3 2,607
B 50,000 t 7,000 207.5 *77.8 230 t97.3 228.6 t98. 1 2,168 4.3
C 100,000 t80,000 203.0 *98. 5 230 *99 9 232.5 *99.3 10,562 10.6

100 mile line (dotted line)
D 0 *57,500 210. 3 * 0.20 230 * 2.0 236.3 * 2.09 3,158
E 50,000 * 4,900 209.4 *68.5 230 *81. 1 236.2 *79,1 1,478 3.0
F 100,000 t54,000 208.0 *91.5 I 230 *92.8 238.2 *90.0 6,242 6.2

NOTE *Indicates lagging quantities
tIndicates leading quantities.

FIG. 6-220-KV. TRANSMISSION LINE CHARACTERISTICS-RELATION
BETWEEN KW., KV., P. F. AND CONDENSER KV-A.-CONDIJCTOR-500,000
CM. COPPER

CALCULATION ASSUMPTIONS
500,000 cm. copper (no steel core-20 ft. horizontal spacing.
Constant receiver volts 200,000 (low side receiver transformer-includes transformer

drop)
Constant generated volts 230,000 (high side generator transformer)
Loads-delivered at 75 per cent power factor.
Transformer bank 50,000 kw. with resistance 0.5 per cent, reactance 12.0 per cent
Two banks of transformers in parallel on each end of line.
Losses include those of line, transformers and synchronous condensers

Necessary explanatory details are shown in tabulations accom-
panying the curves. These studies show that effective voltage
regulation of such long distance, high capacity lines may be
obtained by means of large, but not impracticable, synchronous
condenser installations.



1919] SILVER: POWER TRANSMISSION 1053

A study of the relative economy of various sizes and types of
conductors is shown in Fig. 7, with accompanying explanatory
data in Table II. This study shows, for a load of 100,000 kw.
per circuit delivered at 0.75 power factor and at load factors of
60 per cent, 75 per cent and 90 per cent, that the combined
annual costs of such items of the transmission system as would
be materially affected by the size and type of the conductor,
i. e., interest, taxes and amortization charges on cost of conduc-
tor, annual value of lost power on the line due to resistance and
corona and of power absorbed by transformers and condensers.
The curve falling lowest on the scale, at any number of years
which may be assumed as the life of the line, represents the
most economical of the conductors considered.

This curve is presented merely as an example of the general
method followed in studying conductor economy. It does not
represent the degree of refinement which would be warranted
in making final determination of the economical conductor for
an actual 220-kv. installation. Other items for which allow-
ance should be made in such a study are the effect of conductor
size and type upon cost of line structures and insulators, and
the possible scrap value of the conductor. Amortization should
preferably be calculated by the annuity or "sinking fund"
method rather than by the simpler straight line method. It
should be noted, however, that these additional refinements
tend in some respects to offset one another, a feature which
gives added justification for their omission from a preliminary
study. Obviously, in any case great refinement in the technical
assumptions is not 'called for until reasonably close values can
be assigned to cost of conductor materials, for which the market
will presumably be unstable for some time to come, to the
equivalent costs of the power losses, and to the percentages to
be employed for return on investment, taxes, etc.
For the purpose of developing the line designs which will be

presented later, a cable was chosen consisting of 716,000 cir.
mils of aluminum (54 strands of 0.1151-inch diameter) and
93,000 cir. mils of steel (7 strands of 0.1151-inch diameter).
Particular attention, however, is called to the fact that these
designs were started and this conductor chosen as a basis of
study about a year ago, when prices were much higher than at
present, and further that the choice was made upon the basis
of a lower load factor than, in the light of further study, seems
reasonable to assume as likely to obtain on the usual 220-kv.
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transmission system. It is fully recognized that at present
price levels and for a high load factor, the economical size of
conductor would be larger than this, and that possibly the
economic advantage would fall to a different type.

Mechanical Characteristics of Aluminum-Steel Conductor.
The large and heavy cables required for 220-kv. transmission,
and the heavy conductor loadings which the importance of
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unusual general precautionls which must be taken to assure
reliability, call for a new order of refinement in the mechanical
features of line design. Careful study with a high degree of
imaginative foresight is required to provide against unsafe loads
being imposed upon insulators and towers or clearances being
dangerously reduced as a result of unusual or unexpected cons
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tingencies, and against possible unpreventable failures becom-
ing cumulative and occasioning extensive damage.
The mechanical characteristics of steel-core aluminum cables

are complicated, and calculation of stresses and sags under
varying loading and topographical conditions presents an
involved and difficult problem. This is due to the fact that
the co-efficients of expansion and moduli of elasticity are

TABLE II
DATA RELATING TO ECONOMIC COMPARISON OF 220 KV. TRANSMISSION

CONDUCTORS
(See Fig. 7)

ANNUAL COST CURVES FOR 9 DIFFERENT CABLES AT 3 LOAD FACTORS
1. Annual cost curves are plotted, dollars as ordinates, years as abscissas, and show the

annual cost for any period up to 48 years. This is explained as follows:
Annual (1. Depreciation expressed as first cost divided by number of years
C chosen.

Includes 2. Yearly interest and taxes taken as 8 per cent of first cost.
13. Annual value of Lost Power taken as 5 mills per kw-hr.

First cost includes only cost of finished Aluminum-Steel Cable at 44.9c. per lb. for
aluminum and 12.2c. per lb., for steel f. o. b. factory. First cost of finished copper
or copper-steel cable @ 27. 7c. per lb. for copper and 12.2c. per lb. for steel f. o. b.
factory. All other items of construction costs have been eliminated as not materially
affecting the relative positions of the curves.

Lost power includes line I2 R, transformer I2R, condenser loss and corona loss.
2. Cable Data.

Circular Mils Strands
Curve Kind _ Diam.

designation of First Alum. Total Alum. of
(See Fig. 7) cable Cost or Steel of or Steel cable

copper cable copper in.

A Al.-St. $1,175,700 605,000 78,000 683,500 54 7 0.952
B Al.-St. 1,362,800 716,000 92,900 808,900 54 7 1.036
C Al.-St. 1,513,500 795,000 103,100 898,100 54 7 1.092
D Al.-St. 1,814,000 954,000 123,700 1,077,700 54 7 1.196
E Copper 1,764,800 500,000 .... 500,000 37 .. 0.814
F Cu.-St. 1,733,300 450,000 105,000 555,000 30 7 0.857
G Cu.-St. 1,924,400 500,000 116,600 616,600 30 7 0.904
H Cu.-St. 1,790,200 400,000 274,000 674,000 54 37 0.946
K Cu.-St. 2,011,700 450,000 308,200 758,200 54 37 1.004

different for the two metals and consequently are not accurately
determinable for the composite cables. The cable inanufac-
turers, however, have investigated these characteristics and
have developed practical, though laborious, methods of calcu-
lation of conductor stresses and sags. These methods have
been followed and are considered in the main to give results of
an accuracy satisfactory for design purposes.
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The basic data for calculations have been taken as:

Aluminum Steel

Elastic Limit (lb. per sq. in.).14,000 130,000
Modulus of elasticity (lb. per sq. in.) .. 9 X 106 30 X 106
Co-efficient of expansion (per degree

falir) ............................. 12.8 X 10-6 6.4 X 10-6

Elastic limit of composite cable 17,300 lb.
(716,000 cir. mils aluminum, 93,000 eir. mils steel)

Within any limits thus far investigated, it appears economi-
cal under the design loading, to utilize the full strength of the
conductor up to its elastic limit, i. e., to keep sags to a minimum,
thus enabling use of shorter towers or longer spans at the
expense of stronger supporting structures at angles and dead-
end points. With a new aluminum-steel cable, when the load-
ing has been reached which will stress the steel core to its
elastic limit, the aluminum will have passed its elastic limit and
in consequence have been permanently stretched. The full
working strength of the cable, 17,300 lb., will then have been
developed, and it may then be said to have reached its final
stretched condition, i. e., to have received its "permanent set".
As the heavy design loading is removed, the action of the
aluminum strands will be to loosen infinitesimally on the steel
core and to take no stress. In any subsequent applications of
the design loading, the core will again be stressed to the elastic
limit of the steel, and the aluminum will coincidentally reach
its own elastic limit stress. At lighter loadings the aluminum
will be a dead load upon the steel core, which will carry all of
the stress.

This introduces an interesting feature in that the charac-
teristics of the composite cable when new are distinctly different
from its characteristics after it has received its "permanent
set," and, for loadings less than the design loading, will follow
different tension-sag curves. This relation is shown graphi-
cally in Fig. 8.
The problem of predetermining stringing sags for a suspen-

sion insulator line, in which there will be considerable differen-
ces in lengths of adjoining spans and in elevations of the ends
of individual spans, involves considerations of unbalanced
tower loads, abnormal insulator loads and reduced tower and
ground clearances under varying conditions of conductor
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loading. It is necessary, initially, to assume a somewhat
different mental attitude towaird the problem of conductor
stringing than that which largely has been customary. For
the conditions of 220-kv. design, with heavy design loadings
and large conductors under heavy tension, the problem assumes
greater importance than in transmission line practise heretofore.
In usual practise on suspension insulator lines, the conductor is
strung to a certain predetermined tension, derived from tension-

16 ' ~~120'F

16 0oF f\\ Point at which Aluminum
c 12 passes its elastic limit

0~
o) Final conditions\ \ I

Stretched Cable \ \

z L ___ - S\ringing conditions8 120OF New Cable
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F approximately's

4 -ero tension in _ ..-
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FIG. 8-TENSION-TEMPERATURE CURVES-DEAD ENDED SPANS-
STRINGING AND FINAL CONDITIONS-CONDUCTOR-ALUMINUM 716,000
CM.-STEEL 92,900 CM.

Steel reinforced aluminum cable-716,000 c. m. aluminum-92,900 c. m. steel-elastic
limit of cable and maximum-allowable stress-17,300 lb. with 1r inch ice and 8 lb. wind
at 0 deg. fahr.

Solid line curves represent stringing tensions of new cable, without load, before first
application of maximum loading.

Dotted line curves represent final tensions of stretched cable, without load, after applica-
tion of maximum loading has given a permanent set to the aluminum.

sag curves on the basis of the average span length between
dead-end points, and the suspension insulators are then tied in
in a vertical position. It is assumed that when the design
loadings occur the conductor tensions and attendant loads
upon insulators and towers will continue to maintain the con-
dition of proper balance of stresses within reasonably close
limits. Probably, with most present lines, the resulting
unbalanced effects under design loading will not be serious.
nder the assumed 220-kv. design conditions, preliminary
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study has shown that such a method of stringing will result,
under the extremely heavy design loading, in great longitu-
dinal deflections of suspension insulators intended to operate
purely as suspension units, and will consequently impose
unsafe tensions upon these insulators, with attendant unbalanc-
ing of tower loads and possibly dangerous reduction in tower
clearances, in addition to over-stressing and stretching the
conductor itself.
The theoretically proper point of view is that, under design

loading conditions, the conductor should be uniformly stressed
to its elastic limit and insulators should be hanging normally.
Assuming the line-to be in this condition under maximum load,
the inverse of the condition just described will occur as the
load is removed and the conductor contracts in length, that is,
the suspension insulators will assume certain definite deflec-
tions at towers between spans of different lengths and at
adjacent towers at different elevations, resulting, of course, in
a non-uniform tension in the conductor itself. It is this
unbalanced condition without load which careful design should
aim to produce in initial stringing. This method of stringing
might, however, in some cases result in excessive insulator
deflections and tensions under the non-loaded condition of the
conductor, and some compromise between the two methods
may be necessary to safeguard the clearances of the unloaded
conductors.
A method of predetermining for stringing conditions the

proper conductor tensions or sags in individual spans and the
proper insulator deflections is accordingly a desirable refine-
ment. Some approximate treatment of the subject, at least,
will probably be necessary. It should be noted that the 220-kv.
designs suggested in this paper contemplate the use of very
long suspension insulator strings, and that this length of string
tends to lessen the amount of abnormal insulator and tower
stresses and reduction of tower clearances which may be set up.
If, as is hoped, improvement in insulator design should enable
the adoption of a shorter insulator, an accurate method of
conductor stringing will become correspondingly more impor-
tant.
A purely mathematical treatment of the problem appears

complex in the extreme, although approximate methods of
analysis seem to be feasible. The working out of such ap-
proximate methods offers an interesting and valuable sub-
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ject for research. An exceedingly instructive experimental
investigation could be made along these lines, either by means
of a series of spans of a full-sized line capable of being artifi-
cially loaded, or by means of a miniature properly propor-
tioned model. One troublesome feature of such an experi-
mental determination of these phenomena would seem to be
that of readily obtaining and controlling the necessary tempera-
ture range, or of compensating or correcting for temperature
variation by some indirect means. Such an investigation
would fulfill a most valuable function in supplying empirical
constants to be used as a basis for mathematical treatment and
in verifying the results of approximate methods of analysis.
The problem of actual stringing is further complicated by

the use of a composite cable, owing to the shifting of tensions
between the aluminum and the steel, and especially to the
radically different characteristics of the cable before and after
it has been stretched to receive its "permanent set", as pre-
viously described and as illustrated by Fig. 8. This differ-
ence in characteristics leads to the possibility of two different
methods of stringing a composite cable, i. e., it may be strung
as received from the factory, or it may be stressed, prior to
sagging and tying in, to its full strength, 17,300 lb., thus giving
it nearly all of its "permanent set" (it would receive all of its
"permanent set" if the stretching were done at 0 deg. fahr.)
In the latter case a series of tension-sag curves based upon the
";permanent set" condition of the cable would be used for
stringing. In the case of stringing the new unstretched cable,
it would be necessary to develop a special series of tension-sag
curves, while the "permanent" tension-sag curves would be
used in locating towers and checking clearances.
For a new cable, in the absence of special data, the division

of stress between the aluminum and the steel is indeterminate.
Such special data may, however, be obtained, presumably by
experiment. It probably will be found that the conditions of
the cable as it comes from the factory is sufficiently uniform to
enable such special stringing curves to be used consistently.
The application of methods predetermining insulator deflec-
tions, as discussed above, would involve even further complica-
tion if these special unstretched tension-sag curves were to be
used for stringing.
From the operating standpoint, however, it would seem

preferable to string the cable without preliminary stretching.



1060 SILVER: POWER TRANSMISSION [June 27

The design loading, with the large margin of safety which it is
assumed to contain, will probably rarely be reached or approxi-
mated on the greater portion of the line. The smaller initial
sags would then in practise, for the greater part, never be
increased to the "permanent" sags by natural causes. Hence
there would be obtained the advantage of smaller normal
operating sags, with the unstretched aluminum acting as a
reserve to increase them suitably when, or if, the design
loading should occur.

Possibly a combination of the two methods might be worked
out, whereby the cable would be stressed before tying in to
some definite tension sufficient to insure giving the aluminum
part of its "permanent" set. It would then be sagged in by
unloaded tension-sag curves based upon the definite relation
between stresses in the aluminum and the steel as established
by this preliminary application of tension.
The practical importance of the theoretical considerations

involved in stringing irregular spans supported by suspension
insulators, and the extent to which refinements may and should
be carried will in the last analysis be governed by consideration
of the practical limits of field application, taking into account
the many variable physical and personal factors. The intent
is to point merely to the interesting and apparently effective
possibilities of theoretical and experimental research, pending
further analysis and study. No field stringing curves embody-
ing the refinements suggested have yet been developed, even
in approximate form. For purposes of clearance determina-
tions, of tower design and of study of tower economics, the use
of "average span" tensions and sags probably embodies
sufficient accuracy, and has tentatively been used.
Adequate splices for aluminum-steel cables no longer are

considered to present a problem. Satisfactory types have been
developed and are in successful use on existing lines. In
making these splices, the aluminum is cut back from the ends
of the steel core, the core is then spliced by means of a soft steel
sleeve, twisted on by means of special wrenches, and the sleeve
and a considerable length of the aluminum strand at each end
are then covered by a heavy aluminum sleeve which is solidly
compressed on the conductors between the dies of a portable
oil operated jack. Such splices are reported to develop the
full strength of the cable, the splice itself having considerable
excess strength.
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Overhead Ground Wires. The line designs presented provide
for two overhead ground cables of 5/8-inch diameter high-
strength steel, 16,000 lb. elastic limit for the cable. The
justification for the use of ground wires in 220-kv. transmission
is debatable, but no well-formed conclusions seem possible
except as a result of practical comparative experience. Their
use on present high-voltage steel tower lines is nearly universal,
remarkably so in view of the meagre and inconclusive character
of the data as to the benefits derived. At 220 kv., with the
high insulation provided and in view of the diminishing import-
ance which, with increasing line voltage, it is believed can be
attached to induced lighting disturbances, it is wholly con-
ceivable that the protection afforded may be found to be of
disproportionately small value. The cost of using ground
wires is undoubtedly a large item, particularly in view of the
extremely heavy design loadings assumed and the consequent
tower stresses which they occasion.

In view, however, of the great importance of 220-kv. service,
it has been deemed conservative, until further experience is
obtainable, to make provision for the use of ground wires.
The plan of installation would be to omit ground wires from a
considerable portion of one line, in districts where lightning
conditions were severe, while ground wires would be used on a
parallel line. Comparative performance data would be a
guide to subsequent procedure.

Types of Insulators Available. There is no type of insulator
as yet developed which has thus far demonstrated its ability to
give adequate, or even reasonably satisfactory results on high-
voltage lines. This condition, however, applies nearly as
much to the high voltages in current use, 110 kv. to 150 kv., as
it does to 220 kv. It does not in any way affect the feasibility
of 220-kv. transmission. It is confidently believed that 220-kv.
line insulation can, with existing types of insulators, be made as
safe and dependable as can the line insulation of present
installations. In fact, where foresight in design and careful
maintenance are employed, the present unsatisfactory in-
sulator situation makes its effects evident far less in impair-
ment of service reliability than in the high first cost, direct
and indirect, of precautions against insulator failure and in
high maintenance expense and operating inconvenience. The
economic value of 220-kv. service is so high that greater
expense and attention than at lower voltages are warranted
in measures to guard service.
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The probable advent in the near future of such voltages as
220 kv. should serve, nevertheless, to emphasize the economic
necessity of developing line insulatoQrs to a point consistent
with the other elements of the electric power generation and
transmission situation. The baneful effects of the insulator
situation are evident not merely in the expense and trouble
occasioned, but in a certain degree of popular suspicion, in
essentials unwarranted, of the general idea of high-voltage
transmission.

It is believed, as has just been noted, that practicable 220-kv.
insulators can be obtained from present established types.
There are commercially available three such types, all based
upon the principle of a series string of disks, in practise of
about 10-inch diameter, i. e., the standard cemented cap and
pin type, the Hewlett type and the newer Jeffrey-Dewitt type.
Numerous other designs for high-voltage insulators have been
suggested, some of the series unit type and some in one piece.
Certain of these designs appear to offer real promise, but none
of them have been developed to the stage of commercial pro-
duction, or even to a point where their service performance
can be predicted.
The following studies and 220-kv. line designs have been

based upon the standard 10-inch cemented cap and pin type
units. This implies no disparagement of the other types
mentioned; in fact, these appear in some respects to offer
significant advantages. The standard type has been taken as
a basis of study because it has been used by far the most
extensively and for long periods, and, therefore, more data are
available in regard to its characteristics. Any general designs
of towers and fittings developed for these units could equally
well be used for the other types. The studies which follow, in
conjunction with the general record of experience and investi-
gation, indicate that there are certain characteristics, largely
inherent, of these standard disk insulators which render them
far from ideal for service at extra high voltage with heavy
conductors. In certain respects this would be true of any
insulator built up of a large number of disks. It is hoped that
manufacturers will soon be able to develop an insulator, which
will be more suitable for extra high-voltage use and will offer
assurance of greater strength and permanence, both electri-
cally and mechanically.

Electrical Characteristics of Disk Insulators. The designs
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suggested make provision for a string of 15 standard units for
regular suspension service on a 220-kv. grounded neutral line.
This relatively large number of units affords a considerable
margin for deterioration and, with proper care in maintenance,
should assure a degree of reliability in service commensurate
with the economic importance of 220-kv. service.

It should be noted that a string of 15 standard units, with
the necessary connecting pieces and fittings, will be nearly
nine feet long. Such a length of insulator obviously involves
great expense in obtaining the necessary tower clearances and
heights, and it is also the determining feature in fixing conductor
separation. This serves again to call attention to the need of
more efficient and suitable insulators. An improvement in
insulator design which would justify shortening the string, in
addition to improving the electrical characteristics of the insu-
lator itself, would enable material saving in tower costs. A
wholly new insulator, having no greater length than necessary
to insure requisite air clearances from conductor to support,
say four or five feet, would enable a correspondingly greater
and a very significant saving in tower costs. Such an insulator
at moderate price might readily open the door to a variety of
new types and arrangements of supporting structures.
The primary electrical characteristics are those of arc-over

and puncture. It is essential to reliable service that units be
employed with the largest obtainable ratio of puncture voltage
to are-over voltage. The particular importance of this high
ratio for 220 kv. will be evident in the light of certain data
which will be presented later in regard to concentrations of
electrical stress upon individual units of the string.
The 60-cycle arc-over characteristics of long strings of

standard disk insulators are shown in Fig. 9, which gives
curves of arc-over voltage for wet and dry conditions. These
curves are based upon published test data for shorter strings,
extended mainly on a theoretical basis with the assistance of
such fragmentary test data as have been available.* It is
pertinent, and of great interest, to note that the dry are-over
curve flattens out as the number of units in the string increases,
approaching a condition where increasing the number of
disks adds practically nothing to the dry arc-over voltage,
while on the other hand the wet arc-over curve follows nearly

*Peek, A. I. E. E. TRANS. 1912, Vol. XXXI, P. 907,-"Electrical
Characteristics of the Suspension Insulator."
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a straight line characteristic and for long strings reaches higher
values than the dry arc-over curve. These characteristics, as
is well understood, are due in the case of dry arc-over, to the
action of the charging current on the system of distributed
series and shunt capacities which the insulator string con-
stitutes, the resultant effect being a concentration of potential
on certain units of the string. In the case of wet arc-over, the
effect of the charging current is lost in the greater effect of the
large leakage current.
The dry arc-over characteristic thus appears to constitute

the controlling feature of insulator design, in so far at least as
60-cycle characteristics are determining. The fact that an
insulator has a higher arc-over value under rain conditions is

600

co Dry Arc over. -01_/
>0300.--

200 Wet Arc over

100 -y m _ _

02 4 6 8 10 12 14
NUMBER OF UNITS IN STRING

FIG. 9-TYPICAL 60-CYCLE ARC-OVER CHARACTERISTICS-SUSPENSION
INSULATORS

of no advantage, since this condition obtains for but a small
fraction of the time, and in particular since heavy lightning
discharges, with possibility of resultant normal frequency
surges on the line, are more likely to occur just before a rain
storm than during it.
The distribution of voltage stress over the units of a string

of fifteen standard 10-inch disks and the concentration of stress
on certain units, notably those nearest the conductor, is shown
by curve A in Fig. 10, which is based in the main upon published
test data.* At a line voltage of 220 kv., (127 kv. to ground),
this concentration reaches a degree which not only interferes
seriously with the efficient and economic use of the insulator
units, but which brings the stress on the unit next to the con-
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ductor to a point higher with respect to its strength than the
standards of practise set for 220-kv. service make desirable.
Two methods are recognized as offering relief from this ex-

cessive concentration. The first is the grading of the insulator
units used in the string. This would be accomplished by mak-
ing up the string of units of two or more distinct types, differing
in size or diameter or in some other feature which would cause
them to have different condenser capacities, those with the
larger capacities being placed nearest to the conductor. The

20 _ A= Normal
B= Graded String(3 Steps)
C Shielded String(predicted)

28 ------2

18..

D212

SULATORS 220 KV. GROUNDED NEUTRAL SYSTE

0uj

4--

2

2 4 6 5 10 12 14
I"T WBERED FROM LINE END

FIG. 10-TYPICAL 60-CYCLE VOLTAGE DISTRIBUTION-SUSPENSION IN-
SULATORs-220 Kv. GROUNDED NEUTRAL SYSTEM

results of one form of such grading are shown in curve B, Fig.
10 which is based upon published test data.* It is evident
that by such grading considerable and, for ordinary purposes,
ample improvement in voltage distribution can be effected.
From a practical standpoint, this expedient involves a certain
amount of complication and expense in construction and of
expense and inconvenience in operation due to the necessity
of maintaining stocks of each of the different types of units

*A. I. E. E. 1916 TRANS., Vol. XXXI, Part I, p.745, R. H. Marvin,
"A New Method ofGrading Suspension Insulators."
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and of insuring their proper use in maintenance replacements.
This disadvantage, while of some consequence, cannot be re-
garded as prohibitive in view of the benefits which might be
expected to accrue.
A second method of relieving this excessive concentration of

stress consists in installing below or around the disk nearest
the conductor suitably designed metallic shields or rings.
The effect of such shields in improving the stress gradient may
be even more marked than that of grading the insulator units.
The stress distribution obtainable by this method has been
predicted in curve C of Fig. 10, the values for which have been
assumed from the fragmentary test data at hand. The use of
such shields or rings at the lower end of the insulator string
would obviously tend in itself to increase the requirements for
tower clearances, but the shortening of the insulator string,
which a successful application of this expedient would justify,
might presumably compensate.

In general either grading or shielding or a combination of
the two appears to be feasible. Neither would appear to re-
quire any very elaborate investigations and tests to determine
effective designs free from possibility of secondary complica-
tions of any moment. The conditions with the 15-unit string
of standard units are so unsatisfactory that probably some al-
leviating measures should be adopted. Of the two described,
probably grading could be developed to a point ready for
actual use most quickly and with least experimental investi-
gation. It is wholly possible that a considerable grading effect
might be worked out through selection from present commercial
types of disks.
A feature of the insulator situation which complicates the

question of voltage stress distribution and which will have
some effect upon methods of carrying out remedial measures
is the fact that in order to obtain adequate mechanical strength,
as will be discussed later, two 6r three strings of standard disks
must be used in parallel at suspension points, and proportion-
ately more at tension points. So far as is known, no investiga-
tion has been made of the effect of parallel strings upon poten-
tial gradient.
The belief is widely entertained that arcing horns or rings or

other discharge devices are of sufficient benefit to warrant their
use. They would fulfill several functions, the first and primary
function being to protect the insulator from the destructive
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heat of an arc. This function assumes particular importance
on a large capacity, dead-grounded neutral system. For this
purpose the devices should be so shaped and placed as to hold
the arc securely away from the insulator string. Other func-
tions are protection of the conductor from the possible burning
by a high-power arc, and reduction of the likelihood of insulator
puncture. It may be possible to combine in one device in some
effective and economical manner the functions of a discharge
horn or ring and of an electrostatic insulator shield.
The foregoing discussion of electrical stresses on insulators

refers, as will be noted, to such stresses as may be produced at
the normal line frequency of 60 cycles. Under conditions of
high-frequency oscillations and of steep wave front phenomena
generally, the insulator voltage stress characteristics will be
quite different. In particular, the high-frequency voltage
stress distribution over an insulator string is understood to
follow approximately a straight line characteristic. The im-
portance to be ascribed to high-frequency phenomena as a
disturbing factor in 220-kv. operation is a problem of a highly
speculative character. Such evidence, however, as is available,
and the trend of theoretical opinion, tend toward the conclu-
sion that high-frequency becomes of diminishing relative sig-
nificance as the line voltage is increased, particularly when
transformer neutrals are dead grounded. The suggestion has
been offered that, with a line operating near the corona limit,
high-voltage surges at high frequency, representing usually
small amounts of energy, tend to dissipate themselves in corona,
corona dissipation of energy being more rapid at high frequen-
cies. In any event it is believed improbable that a line suffi-
ciently well-insulated to withstand low-frequency high-power
disturbances is likely to encounter trouble from high-frequency
disturbances.
Mechanical Characteristics of Disk Insulators. The wide-

spread dissatisfaction with the present insulator situation is
believed to have arisen largely on mechanical grounds.
A very disturbing feature is the much discussed insulator

deterioration. The progressive failure, after a relatively short
period of years in service, of the cemented type disk insulator
is well recognized and has been almost universally experienced.
Existing high-voltage lines are facing the prospect of continuous
and difficult tests and expensive maintenance, both attended
by interference with operation. Whether the causes be also
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electrical, chemical or ceramic, the results are unquestionably
serious. In this respect, however, the difficulties at 220-kv.
would differ from those at low voltage only in the greater
number of disks involved.
From the standpoint of deterioration, the non-cemented

types of disk insulator, which avoid the effects of dissimilar
expansion of the component materials, seem to offer and to be
demonstrating marked advantages.
The working stress for standard cemented cap and pin type

disks permitted by conservative practise is only about 2500 lb.
With the large conductors and extremely heavy design loadings
required for 220-kv. service, this low mechanical strength
immediately presents itself as an embarrassingly serious
limitation. The designs which have been worked out in this
study call at normal suspension points for two strings in parallel
with spans up to 700 ft. and for three strings in parallel with
spans in excess of 700 ft. The complication and expense of
hardware and the difficulties involved in clearances are obvious,
not to speak of the direct cost of the insulators. If these
insulators were to be used at dead-end points, tension assem-
blies of at least six strings would be required, at the uncon-
servative design load of 2900 lb. per string. A failure in one
string, by unbalancing the load distribution, would seriously
jeopardize the whole assembly.

For service at dead-end points, however, the unsuitability of
the standard disk is so pronounced that it is considered probable
that resort would be made at once to an entirely different type
of insulator.

Considerable promise is offered by a relatively new type of
insulator, a wooden rod insulated with compound and enclosed
in a suitably petticoated procelain shell. Any desired mechani-
cal strength can readily be secured in an insulator of this type,
so that the full dead-end tension would be carried on one unit.
Probably two units would be used in series to obviate an exces-
sively long porcelain tube. Such tension insulators are in
limited use on 120-kv. and 150-ky. lines. They are a new
development, however, and in the absence of long service
demonstration there naturally arises a question as to their
electrical permanence. Experiments with somewhat similar
types of insulator have shown unfavorable results in the way of
disintegration of the wooden rod under long applied high
electrical stress. On the other hand, oil insulated wooden rods
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in cireuit breakers have, with few exceptions, been found to be
durable. Possibly some other material, less susceptible than
wood to disintegration, might be employed for the rod. Any
cracl.ing of the porcelain shell or loosening of joints, which
would permit escape of the insulating compound, would of
course result in failure of the insulator. In the light of present
knowledge, however, the lack of service trial appears no more
serious than the known complication of huge assemblies of the
standard type of disk insulator.
Summarizing the situation as to availability of present

commercial disk insulators for 220-kv. service, it is evident
that, in addition to known drawbacks, there exists considerable
question as to fundamental characteristics which must to some
extent be removed before confidence can be established in
assumptions made and designs based upon these assumptions.
Investigations should be conducted, with possible resultant
developments, as to at least three features of the applicability
of disk insulators to 220-kv. service, i. e.:

1. Tests to confirm or establish the dry and wet flashover
characteristics, and accompanying potential gradients, of
strings of ten to fifteen disk units, both singly and with several
strings in parallel. These characteristies should be investi-
gated both at 60 cycles and at high frequency;

2. Experiments to determine how grading or shielding or
both can most effectively be applied to strings of present types
of disks;

3. Continued investigation of insulator deterioration prob-
lem.
It is to be hoped that those concerned with the design and
manufacture of insulators will be inclined to undertake investi-
gations of this character. Of even greater ultimate importance,
of course, are efforts looking to the development of a new type
of insulator, more efficient electrically, with greater strength
mechanically and of unquestionable permanence.
Clamps and Fittings. Reliable and satisfactory clamps are

now on the market for composite cables of somewhat smaller
sizes. It is not expected that any significant difficulty will be
encountered in the design of clamps suitable for a cable of the
size proposed. The clamps will presumably be of generally
similar design to that of those now in use on some of the highest
voltage lines in the country, of which illustration is given in
Fig. 11.
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In the design of all cable clamps for use at 220 kv., especial
care would be required in avoiding of sharp projections, ridges
or points which might afford opportunity for formation of
corona or static discharges. Sleeve protectors should be used
with all types of clamps. At the ends of the clamps, bells of
sufficiently large radius should be provided to avoid any chance
of conductor crystallization from continued vibration.

In the case of suspension clamps, attention should be
given to obtaining long smooth clamping surfaces, and any
corrugations should be of large radius. The clamp should
hold the cable with sufficient strength to prevent slipping under
normal conditions, and in case of conductor breakage slipping
should not occur except at the tower adjacent to the break.
With the great length of the suspension insulator string, this
requirement should not be difficult to meet.

Semi-tension clamps will have an important field of use,
since it is the aim to go to extremes in avoiding points where
full dead-end tension will come upon insulators. This type of
clamp will accordingly be used at smaller angle and stabilizing
points. It should hold the conductor, under all conditions,
with no appreciable slipping, a requirement which may involve
separate clamping of the steel core. A somewhat similar angle
or side tension clamp will be needed for use at points where the
line makes a considerable horizontal angle.

For tension clamps, the best present practise is to provide
for separate clamping of the core, as illustrated in Fig. 11. For
large cables worked to their elastic limits, as required for
220-kv. service, this method of clamping will be essential.

Equalizer yokes and connectors present more of a problem
than for present lines, since, as noted earlier, even at suspension
points two or three insulator strings in parallel would be used,
while if disk insulators were to be used at tension points, not
less than six parallel strings would be necessary. Whether the
present patterns of cast yokes are satisfactory for such heavy
duty service is questionable. Pressed steel or some design
built up of structural shapes would appear preferable.
Jumpers at dead-end towers will obviously be long, more

than 20 ft., and probably some form of jumper guide or anchor
will be necessary. This has been satisfactorily accomplished
in existing lines by means of auxiliary weights, auxiliary
insulator strings or rigid guides of structural steel attached to
the yokes.
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FIG. 11-CONDUCTOR CLAMPS [SILVER]

EXAMPLES OF PREVAILING PRACTISE
Nos. 1, 2 and 3.....Suitable Type for Suspension
Nos. 3 and 4......Suitable Types for Semi-Tension
No. 5 .........Suitable Type for Tension
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Transmission Towers. Before proceeding to discussion of
the problems of tower types and designs, it may be noted that
for present purposes consideration has been confined to single
circuit lines, primarily for the reason that at the start a 220-kv.
system would be developed gradually, one or two circuits at a
time, probably to a considerable extent over different rights-
of-way. When, however, 220-kv. becomes established and
conditions call for three or more parallel lines, or when networks
have been established such that absolutely continuous service
of any one line becomes relatively somewhat less important,
then the question of using double-circuit structures will deserve
careful investigation. The advantages will consist in a con-
siderable saving in tower cost and some saving in right-of-way,
against which would lie the relatively minor chance of failure of
a structure from extraordinary causes involving two circuits
instead of one.
The design of two circuit 220-kv. structures would open inter-

esting possibilities. The large conductor separation, about
20 ft., employed in the accompanying designs, adopted largely
as a result of the long insulator strings used, would severely
handicap the conventional type of double circuit tower,-three
conductors in a generally vertical plane on each side of the
tower,-owing to the great height and great weight of steel
required. A shorter insulator would tend to reduce this
handicap. There are other feasible types of double-circuit
tower for 220-kv. service, in some respects more promising, in
particular a tower with three legs transverse to the line carrying
all six conductors in a horizontal plane. This type makes the
high transverse strength easy to obtain, and suggests the
possibility of building two legs to carry one circuit initially and
adding the third leg and the second circuit later. The design
of a double-circuit tower would, of course, be determined
primarily by economy of steel. A discussion of structures for
multiple circuit lines is, however, beyond the scope of the
present study.
The choice of structure material, whether wood, or steel, is

primarily one of total economy, considering first cost, deprecia-
tion and maintenance. The long economic life which pre-
sumably a 220-kv. line would represent, causes durability of
material to assume even greater importance than in present
practise, so that for most localities, wood construction would
not be economical, even assuming that the requisite strength
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for the heavy loads could be secured without resorting to unduly
short spans.
As to type of structure to be employed, the conventional

rigid tower has been adopted as the most available for con-
struction in the immediate future. The rigid tower type of line
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Horizontal Angle
Position Span Turned by Wind Ice Temp.

Conductors

a 550 2 deg. 81lb. Oin. Odeg.

b 550 2 deg. 8 lb. 0 i. Odeg.

has been thoroughly studied and tested by experience, and
when properly designed, its performance record has been
satisfactory, at least with the smaller conductors and lighter
loadings thus far used. It is recognized, of course, that the
very great stresses existing in such a line as is here proposed
tends to disturb the balance of considerations which has deter-
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TABLE III
DESIGN LOADING AND STRESSES

TYPE A TOWER (SUSPENSION)
VERTICAL ANGLE 5 DEG. AND HORIZONTAL ANGLE 0 DEG. TO 2 DEG.
CONDUCTOR, ALUMINUM 716,000 CIR. MIL.-STEEL 92,900 CIR. MIL.

GROUND WIRE 5/8 IN. STEEL STRAND SUSPENSION INSULATORS
WIND 8 LB. ICE 12 IN. AT 0 DEG. FAHR.

(FOR TYPE A TOWER CLEARANCE DIAGRAM SEE FIG. 12)

Span (Normal and max. allowable with maxi-
mum angles) ............................ 550 ft. 700 ft. 800 ft. 1000 ft.

Height of cross arm above ground....... 47 ft. 57 ft. 63 ft. 80 ft.

Transverse Loading
Wind on tower ........................... 750 850 1,000 1,250
Wind on 3 conds. with 131 in. ice at 2.69 lb.

per ft .................... ............. 4,400 5,650 6,440 8,050
Wind on 2 gr. wires with 1Y2 in ice. at 2.42

lb. per ft ............ .................. 2,650 3,400 3,860 4,850
Pull, 3 conds. due to 2 deg. hor. angle....... 1,800 1,800 1,800 1,800
Pull, 2 gr. wires due to 2 deg. hor. angle... 1,200 1,200 1,200 1,200

Total load ............................... 10,800 12,900 14,300 17,150
Test load-125 per cent .................... 13,500 16,000 18,000 21,500

Torsional Loading
It is assumed that one conductor is broken and the pull of the conductor in the adjoin-

ing span is decreased due to the tendency of the insulator string to swing in the
direction of the pull.

Assumed maximum load ................... 8,000 9,000 10,000 11,000
Test load-125 per cent..................... 10,000 11,300 12,500 13,800

Vertical Loading (At each conductor and ground
wire support)

Weight of conductor at 0.9 lb. per ft........ 500 600 750 900
Weight of 1 in. ice at 4.72 lb. per ft....... 2,600 3,300 3,800 4,750
Due to 5 deg. vertical angle ................ 1,500 1,500 1,500 1,500
Insulators and hardware ................... 400 400 400 400
Men ..................................... 200 200 200 200
Repair tackle ............................. 800 800 800 800

Total load at one support .................. 6,000 6,800 7,450 8,550
Test load-125 per cent .................... 7,500 8,500 9,300 10,700

Design Stresses
Above test loads include all factors of safety so that structural steel should be stressed

as follows:
Working load max.

Test load condition

In tension ............... 30,000 lb. per sq. in. 24,000

In compression........... (30,000 - R L) lb. per sq. in. (24,000 --0 )

Bolts in shear. 25,000 lb. per sq. in. 20,000
Bolts in bearing..... 50,000 lb. per sq. in. 40,000
Values L/R to be used shall be: a. For main members not greater than 120

b. For secondary members not greater than 200
c. For redundant members not greater than 250

Minimum thickness of metal i in. All material to be galvanized.
Test loads as specified for transverse, torsional and vertical loading to be applied sepa-

ately.
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mined the present rigid tower type of line design, and further
study, in conjunction with actual experience in 220-kv. con-
struction, may later indicate that greater economy is obtainable
with a different type of construction. For immediate purposes,

Section P.P.

Gr Wire) W-477 3 37' Gr Wire)
-12 9 ;/ 12 192'0 2 -9

ELEVATION 47 FT. TOWER SIDE YIEW-47 FT. TOWER

FOR 47 FT. HE;GHT 24 O"
FOR 80 FT. HEIGHT 36-O

FIG. l3-220-KV. STEEL TRANSMISSION TOWER--CLEARANCE DIAGRAM-
TYPE B (SUSPENSION)-FOR VERTICAL ANGLE 10 DEG. AND HIORIZONTAL
ANGLE 2 DEG. TO 10 DEG. (FOE DESIGN LOADING AND STRESSES SEE

TABLE IV)

CONDITIONS CAUSING MAXIMUM SWING OF INSULATORS TAKEN FOR DETERMINING TOWER
DIMENSIONS

Horizontal Angle
Position Span Turned by Wind Ice Temp.

Conductors

a 1000 2 deg. plus 8 lb. 0 in. 120 deg.

b 550 10 deg. 8 lb. 0. in. 0) deg.

< ().deg.
c 1000 0Odeg. 8Slb. Gin, or

-> ~~~~~120deg.d 550 2 deg. minus 8 lb. 0 in. 0 dog.

however, it has been deemed that a conservative attitude should
be adopted toward innovations not specifically called for by the
conditions of 220-ky. service.

It is growing practise in heavy line construction to provide a
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TABLE IV
DESIGN LOADING AND STRESSES

TYPE B TOWER (SUSPENSION)
VERTICAL ANGLE 10 DEG. AND HORIZONTAL ANGLE 2 DEG. TO 10 DEG.
CONDUCTOR, ALUMINUM 716,000 CIR. MIT.S. STEEL 92,900 CIR. MILS.

GROUND WIRE 5/8 IN. STEEL STRAND SUSPENSION OR SEMI-TENSION INSULATORS
WIND 8 LB. ICE 112 IN. AT 0 DEG. FAHR.

(FOR TYPE B TOWER CLEARANCE DIAGRAM SEE FIG. 13)

Span (Normal) ........................... 550 ft. 700 ft. 800 ft. 1000 ft.
Span (maximum allowable with maximum

angles) ................................ 700 ft. 900 ft. 1000 ft. 1200 ft.
Height of cross arm above ground ........... 47 ft. 57 ft. 63 ft. 80 ft.

Transverse Loading
Wind on tower ........................... 850 1,000 1,250 1,500
Wind on 3 conds. with 1Y2 in. ice at 2.69 lb.

per ft .................................. 5,600 7,250 8,050 9,700
Wind on 2 gr. wires with 1 2 in. ice at 2.42 lb.

per ft .................................. 3,350 4,350 4,850 5,800
Pull 3 conds. due to 10 deg. horizontal angle. 9,000 9,000 9,000 9,000
Pull 2 gr. wires due to 10 deg. horizontal angle. 6,000 6,000 6,000 6,000

Total load ............................... 24,800 27,600 29,150 32,000
Test load-135 per cent .................... 33,500 37,300 39,400 43,200

Torsional Loading
It is assumed that two conductors are broken and that the pull of the conductors in

the adjoining span causes unbalanced loading in the tower.

Load at any one conductor or ground wire
support ............... ................. 17,300 17,300 17,300 17,300

Test load-135 per cent ................... 23,400 23,400 23,400 23,400

Vertical Loading (At each conductor and ground
wire support)

Weight of conductor at 0.9 lb. per ft........ 600 850 900 1,100
Weight of 112 in. ice at 4.72 lb. per ft..... 3,300 4,250 4,700 5,700
Due to 10 deg. vertical angle ............... 3,000 3,000 3,000 3,000
Insulators and hardware ................... 400 400 400 400
Men..................................... 200 200 200 200
Repair tackle ............................. 800 800 800 800

Total load at one support .................. 8,300 9,500 10,000 11,200
Test load-135 per cent ..................... 11,200 12,800 13,500 15,100

Design Stresses (Same for Towers Types C. D. and E. Tables V, VI and VII)
Above test loads include all factors of safety so that structural steel should be stressed

as follows:
Working load max.

Test loads condition

In tension .............. 30,000 lbs. per sq. in. 22,000

In compression.......... (30,000 ) lbs. per sq. in. (22,000- )L

Bolts in shear ........... 25,000 lbs. per sq. in. 18,500
Bolts in bearing......... 50,000 37,000
Values of L/R to be used shall be: a. For main members not greater than 120

b. For secondary members not greater, than 200
c. For redundant members not greater than 250

Minimum thickness of metal 1/8 in. All material to be galvanized.
Test loads as specified for transverse, torsional and vertical loading to be applied sepa-

rately.
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series of standard towers of different strengths, adapted to safe
and economical use under varying conditions of span lengths
and angles. The extremely heavy loading basis assumed for
a 220-kv. line makes it feasible, and desirable from the stand-
point of economy of steel, to carry this differentiation to a
greater extent than has been customary heretofore. The tower
design studies which follow are based upon a series of five

Gr.Wire

,8 '392 3

ELEVATION 47 FT.TOWER For 47 Ft.Height 22:0"

SIDE VIEW 47 FT.TOWER

jflE FIG. 14-220-KV. STEEL TRANSMISSION TOWER-CLEARANCE DIA-
GRAM-TYPE C (SIDE TENSION)-FOR VERTICAL ANTGLE 15 DEG. AND
HORIZONTAL ANGLE 10 DEG. TO 25 DEG. (FOR DESIGN LOADING AND
STRESSES SEE TABLE V)
CONDITIONS CAUSING MAXIMUM SWING OF INSULATORS TAKEN FOR DETERMINING TOWER

DIMENSIONS

HGrizGntal Angle
Position Span Tulrned by Wind Ice Temp.

Conductnrs

-> ->
a 550 25 deg. 8 lb. 0 in. 0 deg.

b 1000 10) deg. 8 lb. 0 in. 120 deg,

standard types of tower for use under the varying conditions
presented by a 220-ky. line over a rolling terrain.
The determination of economic balance between height and

weight of towers and normal length of span is an interesting
and a fundamentally important problem. Studies of tower
designs and of this economic balance for four different normal
span lengths are shown in some detail in Figs. 12, 13, 14, 15 an d
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16, with accompanying data in Tables III, IV, V, VI and VII.
The procedure followed in carrying out this study of economic
span length will be described briefly. As a basis of study a

TABLE V
DESIGN LOADING AND STRESSES

TYPE C TOWER (SIDE TENSION)
VERTICAL ANGLE 15 DEG. AND HORIZONTAL ANGLE 10 DEG TO 25 DEG.
CONDUCTOR. ALUMINUM 716,000 CIR. MIL.-STEEL 92,900 CIR. MIL.

GROUND WIRE 5/8 in. STEEL STRAND
SUSPENSION OR SEMI-TENSION INSULATORS
WIND 8 LB.-ICE 1 2 in. AT 0 DEG. FAHR.

(FOR TYPE C TOWER CLEARANCE DIAGRAM SEE FIG. 14)

Span (Normal) ........................... 550 ft. 700 ft. 800 ft. 1000 ft.
Span (max. allowable with maximum angles) 900 ft. 1100 ft. 1200 ft. 1400 ft.
Height of crossarm above ground ........... 47 ft. 57 ft. 63 ft. 80 ft.

Transverse Loading
Wind on tower ........................... 1,200 1,400 1,500 1,750
Wind on 3-conds. with 112 in. ice at 2.69 lb.

per ft ...................... ........... 7,250 8,875 9,700 11,300
Wind on 2-ground wires with 1'2 in. ice at

2.42 lb. per ft ................ .......... 4,350 5,325 5,800 6,750
Pull, 3 conductors due to 25 deg. horizontal

angle ................................ 22,500 22,500 22,500 22,500
Pull, 2 ground wires due to 25 deg. horizontal

angle .14,500 14,500 14,500 14,500

Total load .49,800 52,600 54,000 56,800
Test load, 135 per cent .67,200 71,000 72,900 76,700

Torsional Loading
It is assumed that two conductors and one ground wire are broken and that the pull

of the unbroken conductor and ground wire in the adjoining span causes unbalanced
loading on the tower.

Load at any one conductor support.17,300 17,300 17,300 17,300
Test load-135 per cent .23,400 23,400 23,400 23,400
Load at any one ground wire support .16,00 16,000 16,000 16,000 16,000
Test load-135 per cent .21,600 21,600 21,600 21,600

Vertical Loading (at each Conductor and Ground
Wire Support)

Weight of cond. at 0.9 lb. per ft .810 990 1,080 1,260
Weight of 1V2 in. ice at 4.72 lb. per ft. 4,250 5,200 5,670 6,600
Due to 15 deg. vertical angle .4,500 4,500 4,500 4,500
Insulator and hardware .1,200 1,200 1,200 1,200
Men..................................... 400 400 400 400
Repair tackle .1,200 1,200 1,200 1,200

Total load at one support .12,360 13,490 14,050 15,160
Test load-135 per cent ............... 16,700 18,200 18,900 20,500

Design Stresses (Same as for Type B Tower, See Table 4)

typical section of profile, as shown in Fig. 17, (a section 23.3
miles long from an actual surveyed route), was selected as a
fair example of average 220 kv. line location in rolling country,
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and the economic study was based upon this profile. For each
of four normal span lengths; i. e., 550 ft., 700 ft., 800 ft. and
1000 ft., four actual approximate line designs, based each upon

\Section T.T.
4 (For Side Tension T1twer)

Section'{.T.
'\ (For Anchor TDwer)' IInsulator> ',,Jumper ,v

Conductor/'t F. Wre 7 Gr. Wire

5~6'6J~'O"gI ~'5 86 38'

Ts 86'180' T8IO'

LLk'\1 '' S g ~~~~~~~~~~~GroJundLineX
ELEVATION 47 FT. TOWER *FOR 47 FT. HEIGHTl 22-O"

FOR 80 FT. HEIGHT
SIDE VIEW 47 FT. TOWER

FIG. 15 -220-KYV. STEEL TRANSMISSION TOWER-CLEARANCE DIA-
GRAM-TYPE D (SIDE TENSION AND ANCHOR)-VERTICAL ANGLE 25
DEG.-HORIZONTAL ANGLE (SIDE TENSION) 25 DEG. TO 60 DEG. (ANCHOR)
60 DEG. TO 90 DEG. (FOR DESIGN LOADING AND STRESSES SEE TABLE VI)
CONDITIONS CAUSING MAXIMUM SWING OF INSULATORS TAKEN FOR DETERMINING TOWER

DIMRNSIONS

Horizontal Anglo
Position Span Turned by Wind Ice Temp.

Conductors

a-~~

> - >a 550 60 dog. 5 lb. 0 in. 0 dog.

b 1000 25 dog. 8 lb. l1 . in. 32 dog.

its own set of specific tower locations, was carried out, and the
cost of each line was estimated. These costs, as plotted in Fig.
18, show maximum economy with normal spans of 800 ft. with
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TABLE VI
DESIGN LOADING AND STRESSES

TYPE D TOWER (SIDE TENSION AND ANCHOR)
VERTICAL ANGLE 25 DEG.

HORIZONTAL ANGLE (SIDE TENSION) 25 DEG. TO 60DEG., (ANCHOR) 60 DEG. TO 90 DEG.
CONDUCTOR, ALUMINUM 716,000 CIR. MIL.-STEEL 92,900 CIR. MIL.

GROUND WIRE 5/8 in. STEEL STRAND
SUSPENSION, SEMI-TENSION OR TENSION INSULATORS

WIND 8 LB.-ICE 1 2 IN. AT 0 DEG. FAHR.
(FOR TYPE D TOWER CLEARANCE DIAGRAM SEE FIG. 15)

Span (Normal) ........... ............... 550 ft. 700 ft. 800 ft. 1000 ft
Span (maximum allowable with maximum

angles) ............. ................... 1100 ft. 1300 ft. 1400ft. 1600 ft.
Height of gross arm above ground ........... 47 ft. 57 ft. 63 ft. 80 ft.

Transverse Loading
Wind on tower ............................ 1,200 1,400 1,500 1,750
Wind on 3 conductors with 112 in. ice at 2.69

lb. per ft ............................... 8,875 10,500 11,300 12,900
Wind on 2 ground wires with 1l2 in ice at 2.42

lb. per ft ............................... 5,325 6,300 6,800 7,750
PUll 3 conductors due to 90 deg. horizontal

angle .................................. 73,400 73,400 73,400 73,400
Pull 2 gr. wires due to 90 deg. horizontal angle. 45,300 45,300 45,300 45,300
Total load . .............................. 134,100 136,900 138,300 141,100
Test load-135 per cent .................... 181,000 184,800 186,700 190,500

Longitudinal Loading (Line terminal tower)
Pull due to 3 conductors ................... 51,900 51,900 51,900 51,900
Pull due to 2 ground wires ................. 32,000 32,000 32,000 32,000
Total load ............................... 83,900 83,900 83,900 83,900
Test load-135 per cent .................... 113,300 113,300 113,300 113,300

Torsional Loading
It is assumed that two conductors and two ground wires are broken and the pull of

the conductors and ground wires in the adjoining span causes unbalanced loading in
the tower.

Load at anyone conductor support.......... 17,300 17,300 17,300 17,300
Test load-135 per cent of actual........... 23,400 23,400 23,400 23,400
Load at any one ground wire support .... .. 16,000 16,000 16,000 16,000
Test load-135 per cent of actual........... 21,600 21,600 21,600 21,600

Vertical Loading (At each conductor and ground
wire support)

Weight of conductors at 0.9 lb. per ft........ 1,000 1,200 1,300 1,450
Weight of 1Y2 in. ice at 4.72 lb. per ft....... 5,200 6,150 6,600 7,550
Due to 25 deg. vertical angle ............... 7,300 7,300 7,300 7,300
Insulators and hardware ................... 1,200 1,200 1,200 1,200
Men..................................... 400 400 400 400
Repair tackle ............................. 1,200 1,200 1,200 1,200
Total load at one support .................. 16,300 17,450 18,000 19,100
Test load-135 per cent of actual load....... 22,000 23,600 24,300 25,800

Design Stresses (Same as for Type B Tower, See
Table IV)
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the rigid type of tower assumed, while longer spans or shorter
spans are more expensive. The 800 ft. normal span was
selected as a basis for further studies.
The method of carrying out these line designs involved, first,

determining the height of tower corresponding to the span
length selected. To determine this height, a ground clearance
of 25 ft. under design loading was assumed (corresponding with

StECTION S.S. /

Insulator-,GXdumper Guide\

-\Conductor \
-fi8-6-, r9 VDi0

< Ground L:ne. Wir

For 38' Height IO7-O"
For 71' Height ui d300

ELEVATION 38 FT. TOWER SIDE VIEWX 28 FT. TOWER

FIG. 16-220-KV. STEEL TRANSMISSION TOWER CLEARANCE DIA-
GRAMI-TYPE E (ANCHOR)-VERTICAL ANGLE 0 DEG. TO 15 DEG.
HORIZONTAL ANGLE (ANCHOR) 0 DEG. TO 60 DEG. (FOR DESIGN LOAD-
INTG AND STRESSES SEE TABLE VII)

an 800-ft. span to about 35 ft. at 60 deg. fahr) and a sag-
clearance template developed for the aluminum-steel conductor
used. On level ground, for the 25 ft. clearanlce, this template
gave the standard tower heights for the four normal span
lengths unlder consideration as 47 ft., 57 ft., 63 ft. and 80 ft. FSor
each height of tower, the five standard designs were developed
in outline and, with the sag-clearance template, tower locations
were spotted on the typical profile selected. With the locations
determined, the required type of tower was selected from the
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TABLE VII
DESIGN LOADING AND STRESSES

TYPE E TOWER (ANCHOR)
VERTICAL ANGLE 0 DEG. TO 15 DEG. AND HORIZONTAL ANGLE 0 DEG. TO 60 DEG.

CONDUCTOR ALUMINUM 716,000 CIR. MIL.-STEEL 92,900 CIR. MIL.
GROUND WIRE 5/8 IN. STEEL STRAND

TENSION INSULATORS
WIND 8 LB.-ICE 112 IN. AT 0 DEG. FAHR.

(FOR TYPE E TOWER CLEARANCE DIAGRAM SEE FIG. 16)

Span (normal) ............... ............ 550 ft. 700 ft. 800 ft. 1000 ft.
Span (maximum allowable with maximum

angles) ................................ 1000 ft. 1200 ft. 1300 ft. 1500 ft.
Height of cross arm above ground ......... 38 ft. 48 ft. 54 ft. 71 ft.

Transverse Loading
Wind on tower ........................... 850 1,000 1,250 1,500
Wind on 3 conds. with 12 in. ice at 2.69 lb.

per ft ......................... ........ 8,070 9,700 10,500 12,100
Wind on 2 gr. wires with 1 2 in ice at 2.42 lb.

per ft .................................. 4,830 5,800 6,300 7,300
Pull-3 conductors due to 60 deg. horizontal

angle .................................. 51,900 51,900 51,900 51,900
Pull-2 gr. wires due to 60 deg. horizontal

angle .. ...................... 32,000 32,000 32,000 32,000

Total load ............................... 97,650 100,400 101,950 104,800
Test load-135 per cent .................... 131,800 135,500 137,600 141,500

Lowgitudinal Loading (Line terminal tower)
Pull due to 3 conductors ................... 51,900 51,900 51,900 51,900
Pull due to 2 ground wires ................. 32,000 32,000 32,000 32,000
Total load ............................... 83,900 83,900 83,900 83,900
Test load-135 per cent .................... 113,300 113,300 113,300 113,000

Torsional Laoding
It is assumed that two conductors and two ground wires are broken and the pull of

the conductors and ground wires in the adjoining span causes unbalanced loading in
the tower.

Load at any one conductor support......... 17,300 17,300 17,300 17,300
Test load-135 per cent .................... 23,400 23,400 23,400 23,400
Load at any one ground wire support........ 16,000 16,000 16,000 16,000
Test load-135 per cent .................... 21,600 21,600 21,600 21,600

Vertical Loadinzg (at each conductor and ground
wire support)

Weight of conductors at 0.9 lb. per ft........ 900 1,080 1,170 1,350
Weight of 1'2 in. ice, at 4.72 lb. per ft. .... 4,700 5,670 6,136 7,080
Due to 15 deg.-vertical angle .............. 4,500 4,500 4,500 4,500
Insulators and hardware ................... 1,200 1,200 1,200 1,200
Men..................................... 400 400 400 400
Repair tackle ................ ............ 1,200 1,200 1,200 1,200

Total load at one support.... ............ 12,900 14,050 14,600 15,700

Test load-135 per cent .................... 17,400 19,000 19,700 21,200

Design Stresses (Same as for Type B Tower, See Table IV.)
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1500

z1000

500

0 5.000 10,000 15.000 FEET 20,000 25,000 30.000

35,000 40,000 45,000 FEET 50,000 55,000 60,000

1500

500.

65,000 70,000 75,000 FEET 80,000 85,000 90,000

0

IA50 |e- 1

95,000 100,000 105,000 110,000 115,000 120,000 125,Q00FEET
FIG. 17-SECTION OF PROFILE OF TYPICAL TRANSMISSION RIGHT OF

WAY USED AS BASIS FOR 220-KV. LINE STUDIES TO DETERMINE ECONOMIC
PAN
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known angles and span lengths involved at each tower site.
The results of this study are given in Table VIII, showing for
each normal span length the numbers required of each type
of tower and a comparison of line costs, exclusive of conductors
and ground wires for which the costs would be constant.

It is believed that this method of analysis, i. e., using an
actual or typical profile, affords a more accurate and reliable
basis of determining economic normal span lengths and tower
heights than the simpler method of considering only straight

lines on a level profile. Fur-
18,000 \ < - _---< ther refinements in the way of
18,000- I studying the effect of using a

16,000 different height or more than
Curve Description one height for the heavier

< 1, Total Cost(Excluding Cost towers might be atepe,but, 14,000 of Conductor& Ground Wire) attempted,
a 2 Cost of Towers it is questionable whether they

3 Cost of Insulator s& Hardware
'z12,000 4 Cost of Right of Way would be warranted, in view of
U_ _ -_ the many uncertainties in-

I ]0,000 2 _C_volved, particularly in field
work. It will be noted that

8,000 this study of economic balance
o is carried out on the basis of

6,000 the high prices obtained in
3 _ _ _ - early 1918. A lower price level

4,000 _ _would have some effect upon
600 700 800 900 1000 the results, as would a different

NORMAL SPAN OF TOWERS size or type of conductor and a
IN FEET

different type of insulator, par-
FIG. 18-220 KV. TRANSMISSION ticularly if it were stronger and

LINE-DETERMINATION OF ECON- shorter.
OMIC SPAN-RELATION OF SPAN In the tower designs study hasLENGTH To FiRST COST

been made of the general form,
of the dimensions of the main members and of approximate
weights, but the designs have not been carried into the details.
No designs have been prepared of tower footings, side hill
extensions, etc., which are distinctly contingent upon local con-
ditions and which have no direct or material effect upon the
general line designs. Figs. 12 to 16 show the general types
of towers proposed, with details as to dimensions, and as to
working and test loads. Estimated weights are shown in Fig.
19. The working loads were computed from the design load-
ngs under the most extreme conditions of angles and span
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lengths for which the tower is to be used. In addition to the
main margin of safety provided in the design loading, a further
margin is introduced in the difference between working and test
loads, i. e., 25 per cent for suspension towers and 35 per cent
for angle and dead-end towers. It may be noted that a still
further margin of safety will result when a tower is employed
in a location imposing less than its maximum designed working
load, a condition which will obtain for the major percentage
of the line.

After the study of tower locations was carried out, it became
evident that there was economic justifications for a sixth type

70,000

60006-

°35,000CL

40000
30,000 A

0

° 550 600 700 800 900 1000
SPAN OF TOWERS IN FEET

FIG. 19-220-KV. SINGLE-CIRCIUIT STEEL TRANSMISSION TOWERS- Es-
TIMATED WEIGHTS

Type A-See Fig. 12; Type B-See Fig. 13; Type C-See Fig. 14; D-See Fig. 15;
Type E-See Fig. 16

of tower, a special light weight type to be used primarily on
short spans in tangents. This tower is illustrated in Fig. 20.
An economic improvement in the design shown for this light
weight type might be effected by shortening the tower to
correspond to the smaller sags obtaining in short spans.

It is believed desirable that sample towers of each design
should be subjected to thorough experimental tests before
quantity production is started. Tower design involves ap-
proximations, and the heavy loads and consequent great
weights of 220-kv. towers justify more than usual effort to
obtain an economically consistent design. In the method of
making such tests, more elaborate and refined methods than
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hitherto employed might be developed to idvantage. It is
desirable to ascertain not only the point and manner of failure
under test, but also the simultaneous stress conditions existing
in all important tower members.
Tower foundations will be largely a special problem for each

locality. The conditions governing present practise will apply,

30 SECTiON M.M.

For 1000S p 7an-
For 550'Sa 36-.3~'------------

For 1000'Span 9 -19 2'-9-2
For 550Span 81 6" .8I6 -'10

..-Gr Wire.

'MXaD~~~~~~~~~0-.1 For 00 'Span 5-
~ e' '8~For nan

SIn,

,_~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Horizonta FA 7Hege

a~~~~ EVTO 470FTd. O8E SIDE VIE 47nF.0ToW r 0dg

For 80 14e ?h - 32O

FIG. 20 220 KV. STEEL TRANsmissioN TOWERS-CLEARANCE DIA-
GRAM--TYPE AA (SLUSPENSIo-N)-FOR VERTICAL ANGLE 0' DEG. AND
HORtIZONTAL AN\GLE 0 DEG.

CONDITIONS CAUSI-NG MIAXIMUM SWINTG OF I_NSULATORs TAKEN FOR DETERMINING TOWER
DIMIENSIONS

Hlorizontal Aniglo
Pos tionl Span Turned lby WVind Ice Temp.

Coniductors

a 1000 0 diee. 8 lb. 0 in. 0 or 120 deg.
b 1000 0 deg. 8 lb. 0 in. 0 or 120 deg.

the only new considerations being the unusually heavy loads
involved and the strong emphasis which must be placed upon
dependability. In general, for most soils, earth foundations
would probably be adequate for straight s- spension towers,
while concrete foundatiors would be necessary for full tension
and heavy angle towers and probably for semi-tension and
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light angle towers. Where concrete foundations are used, the
tower should be carefully grounded.

Protection of towers from deterioration is of more than
ordinary importance owing to the great investment represented
by a 220-kv. line and the long economic life which it presumably
will possess. Galvanizing would seem essential and it should
be heavy and carefully applied. Protection of joints and of
steel at the ground line will call for every feasible precaution.

DESIGN FEATURES OF 220-KV. STATION AND SUBSTATION
EQUIPMENT

While, in general, the character and arrangement of equip-
ment at generating stations and substations is not a part of
the primary scope of this paper, there are certain features in
connection with this equipment which directly concern the
feasibility and the economic and general advantages of trans-
mitting power at this high voltage. Brief consideration of
these features is essential to a study of 220-kv. transmission.
The problems of interest, new or assuming particular im-

portance in connection with equipment for a 220-kv. system,
are of two types, those arising directly from the high voltage
per se and those resulting from the relatively enormous capaci-
ties and amounts of power involved in a system large enough
to call for the use of such a voltage. The handling of electrical
potentials of 220,000 volts does not appear to involve any dis-
turbing complications or uncertainties. In fact, the manu-
facturers do not recognize that any serious problem exists.
Current design principles and materials now in ordinary use
will be employed, the principal difference from present high
voltage equipment being the greater amounts of insulation and
the larger clearances required. The step to 220 kv. is relatively
no greater than that previously taken from 66 kv. to 110 kv.,
or from 110 kv. to 154 kv. Certain of the manufacturers have
already developed designs, and assert readiness to undertake
commercial production of 220-kv. equipment on short notice.
The problems attendant upon the huge capacities which

use of 220-kv. transmission makes possible and feasible,-
generating stations of several hundred thousand kilowatts,
interconnected systems of a half million or a million kilowatts,
are distinctly of a major order. From the purely physical
standpoint, the principal problems are those of switching and
protection from short-circuit stresses. Both of these, it is
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believed, can be handled satisfactorily. The more general
questions of simplicity and reliability of operation and of
efficiency and general economy attain a new order of importance
and will probably lead to some significant departures from
present practise in smaller scale systems.

Design for such large capacities and high voltage centers
around one cardinal principle, simplicity and intrinsic strength
of equipment rather than flexibility and external protective meas-
ures. The principal equipment units represent such high
values, both in service and in investment, that the maximum
of continuous service should be obtained, and more careful

D-Jc-i

Possible
220 Kv.
Tie Line I

Generating Stations Transmission Lines Main Substations
50,000 Kw. Units 100,000 Kw. per Circuit each Transtormer

with Condenser
66 Kv.or 110 Ky.
Main Feeders

FIG. 21-TYPICAL ARIRANGEMENT DIAGRAM-220-KV. SYSTEM

attention and large expense are fully justified in assuring virtual
elimination of failures in service. The accompanying arrange-
ment diagram of an assumed typical system, :Fig. 21. indi-
cates the extent to which the aim of simplicity is advocated
in reduction of bus arrangements to a simple and even rudi-
mentary form and in elimination of superfluous oil switches.
In particular, attention may be called to the fact that no spare
units, either generators or transformers, are provided, and none
are contemplated. The investment in the large units will be
so large that outage should be represented only by the irredu-
cible minimum of apparatus troubles and maintenance, not by
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the nearly continuous idleness of spare equipment. This com-
plete omission of reserve units of major apparatus is of course
predicated upon adequate reserve capacity being available in
local generating stations near the load centers, as has been
discussed previously.
The obtaining of strength and high reliability of equipment

is primarily a problem of construction economics rather than
of system design, although the latter is an important element.
Certain features of the problem are high reactance of generators
and transformers, ample insulation of transformers and an
efficient oil circulation system, high mechanical strength of oil
switches, avoidance of low-voltage buses and low-voltage
paralleling, and an effective and dependable system of relay
sectionalizing.
Study of the design and operation of 220-kv. equipment has

brought out certain general principles or features which may
be noted before taking up consideration of particular pieces of
apparatus:

1. High-Voltage Switching. All line switching, automatic
or manual, should be done on the high-voltage side of trans-
formers. This statement may come as a jolt to certain estab-
lished ideas, but the further the switching problem has been
studied, the more clearly does it appear that high-voltage
switching is not only more simple but is more safe. The
amounts of power involved, particularly under abnormal
conditions, are so tremendous that the current values obtaining
at lower voltages impose switch duties and heavy stresses
generally which could be handled only with great difficulty and
at an expense materially higher than would be required at
220-kv., where the currents involved are relatively small.
From the standpoint of automatic sectionalizing and con-

tinuity of service, high-tension switching is obviously desirable,
since defective circuits in tripping out will leave the trans-
formers in service to continue supplying load from parallel
circuits or alternative routes.

2. Transformer Connections. All 220-kv. transformers, on
the high-voltage side, should be connected in Y with the neutral
grounded, as shown graphically in Fig. 22. The high poten-
tials involved and the great lengths of line to be interconnected
constitute conditions which might easily result in uncontrolable
surges if the high-voltage circuits were isolated from ground.
While grounding at one end of a line would materially alleviate
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these conditions, more adequate stabilization of voltage, with
consequent greater economy in equipment and security in
operation, can be obtained by grounding at all points where
transformers are located. It may be of interest to note that
the voltage stresses on a 220-kv. grounded system (normal
voltage to ground 127 kv.), will be less than for some certain
existing isolated delta systems. There obtains also the general
advantage of grounded Y operation that automatic sectionaliz-
ing is made more positive and reliable, a vital consideration on
so large and important a transmission system.
The neutral should be grounded without resistance. The

purpose of a resistance in the neutral connection is to limit

Generator Voltage

A

220 Kv.

Condenser

66 Kv.or 110 Kv.

Low Voltage Low Voltage Low Voltage

FIG. 22-DIAGRAM OF TRANSFORMER CONNECTIONS-220-KV. SYSTEM

current flow into a ground on a line or in apparatus. For lower
voltages where excessive magnetic stresses would result, the
expedient is frequently desirable, but for 220 kv., where the
short-circuit current values are relatively small and provision
for handling the resultant stresses relatively simple, any
benefit which might be gained would not be justified by the
expense and complication which the use of resistance would
involve, and it would in any case be more than offset by the
impairment of the function of the ground in stabilizing poten-
tials.

3. Protective Equipment. No equipment of any character
is contemplated for protection against over-voltages. As a
fundamental principle it is believed that investment ca
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applied more effectively and with greater ultimate economy in
providing greater margins of safety in the apparatus against
the stresses which are likely to be encountered, than in attempt-
ing to shield weaker apparatus by methods now known. For
such a voltage as 220 kv., protective equipment would be
proportionately more costly than in case of lower voltages and
its efficacy more questionable.

High-voltage protective devices are of two general types,
those intended to protect against abnormal potentials at
normal or low frequencies, and those intended to protect against
high-frequency surges or steep wave fronts which might give
rise to localized high-potential stresses in the windings of
transformers and in other apparatus. For protection against
high potentials, electrolytic arresters and other so-called light-
ning arresters have been used extensively in systems of lower
voltage. On a 220-kv. system with dead-grounded neutrals,
it is not believed that any abnormal potentials are likely to be
encountered which apparatus insulation cannot and should
not be able to withstand. For protection against high-
frequency effects, series reactances have been used and elabo-
rate arrangements of reactances, condensers and resistances
have been proposed. While probably high-frequency con-
stitutes more of a real danger, it is considered that it can be met
most effectively and economically by providing adequate
insulation strength.

220-kv. Transformers. The questions which naturally will
be the first to arise in consideration of transformers for a 220-
kv. system are those of size of units and three-phase vs. single-
phase units, the two questions being to some extent inter-
dependent.

Considerations of simplicity in station arrangement and of
economy in operation favor, in general, transformers of the
largest size permitted by the conditions of each installation or
by limitation of manufacture. Theoretically there seems no
limit to the capacity of a transformer unit, but beyond a certain
capacity the provision of strength to withstand the mechanical
stresses of short-circuit current becomes a matter of such com-
plication and expense that an economical limit will come into
effect. At the present stage of the art, the manufacturers
advocate that transformers be not attempted beyond 50,000 to
60,000 kv-a. for three-phase units, or 35,000 to 40,000 kv-a. for
single-phase units. Transformer cores and windings for these
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capacities can be shipped assembled from the factories. Ad-
vance quotations and estimates from manufacturers show
progressively lower unit costs up to these sizes. The economic
advantage of large units depends not so much, however, upon
lower unit costs as upon considerations of space, bus construc-
tion, number of switches, etc., all of which involve relatively
less expense for larger units. The adverse difference in cost of
handling facilities is not great.
As to choice between three-phase and single-phase units,

from the standpoint of simplicity and cheapness of installation,
three-phase units would be preferable. As to factory cost and
efficiency, there appears on the basis of information at present
available to be little difference, three-phase transformers being
somewhat cheaper for same capacity of bank and somewhat
more expensive for same capacity of unit. The great weight
which should be given the principle of providing high intrinsic
reliability of main units, rather than providing spare units,
materially reduces one of the principal advantages claimed for
single-phase transformers, that of the less capacity required in
reserve units. For large installations, three-phase units offer
advantages. For relatively small substations, it is believed
that equally satisfactory service at less cost can be rendered by
a bank of two three-phase units as compared with one bank of
single-phase units with a spare. Certainly a bank of three
three-phase units would be superior, and the cost should be no
greater.
At generating stations, operating and economic considera-

tions strongly favor the generator and its transformer equip-
ment as a unit. If the generator capacity should exceed the
practicable limit of three-phase transformer capacity, there
apparently would be a close margin of choice between using a
single-phase bank or two three-phase transformers operating
as a bank and controlled by one circuit breaker.

In past high-voltage practise, probably one of the most
troublesome features in operation has been the bushings.
Experience indicates, however, that satisfactory bushing
designs have now been developed and can readily be applied to
220-kv. service. Bushings will of course be identical and
interchangeable for transformers and oil switches. Trans-
formers will have but one high-voltage bushing per phase, the
neutral ends of the winding not being insulated from the tank.
The saving in equipment costs which has been noted as one



1092 SILVER: POWER TRANSMISSION [June 27

of the reasons for selecting grounded Y rather than. delta for
the 220-kv. transformer connections, is very marked in the case
of transformers. Insulation is less throughout the whole
transformer and extra insulation is required at only one end of
the windings rather than at both, cores and tanks are corres-
pondingly smaller, efficiency is higher, amount of oil required is
less and bushings are lighter and shorter.
The large sizes of installations involved in a 220-kv. system,

together with the necessity for careful attention to maintaining
insulation strength and transformer reliability generally, will
not improbably result in a radical change in the present method
of handling and cooling transformer oil, i. e., the abandonment
of cooling of oil in each transformer and gravity circulation of
oil through the windings in favor of forced oil circulation and
external cooling. The idea of external cooling is by no means
new, but whereas for the relatively small installations of present
practise it appears to involve unjustified complication and
expense, for installations of the size here contemplated this
condition will probably be reversed. The apparent advan-
tages, briefly summarized, are as follows:

a. Tanks smaller and cheaper due to elimination of cooling
coils and smaller volume of oil in transformer.

b. Positive circulation of oil and possibility of more
accurately directing it in its flow through the windings to the
points needed and in amounts needed.

c. More effective cooling due to low temperature which
may be obtained in incoming oil and more rapid circulation.

d. Oil kept absolutely dry and always at maximum insula-
tion strength due to possibility of sealing oil system against the
atmosphere, a most important advantage for extra high-voltage
operation.

e. Oil may readily be filtered continuously to any extent
des&red.

f. System as a whole more reliable and probably cheaper.
Such an external transformer oil system might be developed

to handle all oil in a common system, or to keep the oil for each
transformer bank separate. The common system would be
somewhat cheaper and simpler, and hence preferable if ade-
quate precautionary measures could be worked out to prevent
contamination of the entire oil system as a result of a failure in
one transformer. The system in either case would include
cooling devices located wherever desired, probably in a pond or
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stream, oil pumps, filters, a storage tank at a suitable elevation
to provide circulating head, and at some point an expansion
device which would maintain a reasonable pressure regulation
under conditions of varying volume of the enclosed oil due to
temperature changes. The entire oil system would be effec-
tively sealed against the atmosphere. Vital parts of the oil
system would presumably be installed in duplicate, the expense
being small in proportion to total cost of the station.
A system of external cooling of oil may, at generating

stations, open the way for a significant increase in overall
efficiency. Transformer losses will amount to about 1.25 per
cent of station output. Possibly half of this heat may be
recovered from the oil by passing it, on its way to the final
cooling coils, through some device installed in the steam system
between the condensers and the economizers. While no
studies have been made of the economic feasibility of such a
scheme, the physical possibility opens an interesting problem.

220-kv. Oil Circuit Breakers. A system such as here con-
templated, with huge generating stations, numbers of them
interconnected, and large synchronous condenser capacity at
substations, will necessarily involve unprecedented concentra-
tions of energy at switching points, particularly in case of short
circuits. The high duty required of circuit breakers to meet
this condition is a vitally important problem in the design of
such a system. It is, as has been noted, early evident in a
study of the switching problem, that switching should be done
wherever possible on the high-voltage side of transformers,
since the high voltage can more easily be handled than the high
currents at lower voltage. Two hundred and twenty-kv.
short-circuit current values are not extreme, and in a 220-kv.
circuit breaker the large clearances and switch openings
necessarily involved by the high voltage contribute directly, to
giving the rupturing capacity required by the current to be
handled.

Magnitudes of 220-kv. circuit-breaker duty will, of course,
depend upon the size and arrangement of the 220-kv. system.
With a system of the capacity and arrangement shown in
Fig. 21, the duty of a circuit breaker at the bus of either the
larger generating station or the larger substation would,
according to approximate calculations, be from 1,000,000 kv-a.
to 1,500,000 kv-a., depending upon the length of the 220-kv.
lines. At the smaller generating station or substation the duty
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would be somewhat less. No difficulty should be involved in
obtaining circuit breakers for this duty at 220-kv. With the
gradual expansion which might be expected in such a power
supply system, with other generating stations and substations
added, extensive interconnections made in secondary networks
and probably a considerable 220-kv. network established, there
might be expected circuit breaker duties of 3,000,000 to
4,000,000 kv-a. Manufacturers foresee no insurmountable
difficulty in designing 220-kv. circuit breakers for duties of
this magnitude. The duty on such an extensive system might
be reduced by adoption of some degree of sectionalized opera-
tion of the 220-kv. lines, but it is hoped that the need for
such an expedient can be avoided.
Two types of circuit breakers have been offered by the manu-

facturers for 220-kv. high duty service. One type consists of a
massive circuit breaker, each phase in one tank of heavy boiler
plate, with two breaks in series for moderate duty and four
breaks in series for heavy duty. The tank is built according to
the principles of boiler design to withstand the internal pressure
generated by the opening under oil of the rated kv-a. loads, as
predetermined by test and calculation. The tank is not
designed to withstand explosions in the space above the oil, this
hazard being eliminated by provision for thorough ventilation
or other expedients to prevent formation of explosive mixtures
in this space.
Another type of 220-kv. circuit breaker consists of two breaks

in series per tank, one such tank being used for conditions of
moderate duty and two tanks in series for heavy duty. The
four series breaks in the double-unit circuit breaker are operated
simultaneously. These tanks likewise are designed to with-
stand the stresses generated under the oil under conditions
of maximum duty, but in this case the full stresses are not
permitted to come upon the tank. Each break is located
in a carefully designed explosion chamber, of relatively small
diameter and of any required strength, which confines the
initial force of the explosion and serves both to reduce the
pressures which can be set up in the main tank, and to utilize
this force as an aid in extinguishing the arc. With this type
of circuit breaker, one tank unit would probably be installed
initially when the 220-kv. system was small, and a second unit
added later when the growth of the system brought about
power concentrations in excess of the rupturing capacity of the
ingle unit.



1919] SILVER: POWER TRANSMISSION 1095

It is believed that either of these types of circuit breaker will
give satisfactory service on a 220-kv. system.

220-kv. Air-Break Disconnectors. Air-break disconnectors
for 220-kv. service present a problem which, while distinctly of
a minor character in relation to the general problems of 220-kv.
construction, is troublesome, and for which no wholly satisfac-
tory designs have thus far been offered. The difficulties
attending development of such disconnectors do not concern
feasibility, since a disconnector which will operate acceptably
can be built after existing designs, but concern rather avoidance
of unnecessary expense, space requirements, and general
complication. The problem is one of making a firm high-
capacity contact, without incurring hazard or undue inconven-
ience to operators or to service, under any sort of weather
conditions, between two elements supported by long, heavy,
cumbersome and somewhat fragile insulators.

These 220-kv. disconnectors would be used to disconnect an
oil switch from or connect it to a live line or bus. It is not
contemplated that such a switch need be able to break the
charging current of a 220-kv. transformer, although a switch
capable of this duty would be valuable if it could be developed.
It might be used to take the place of a 220-kv. circuit breaker
in some cases or to give added flexibility in cases where trans-
former circuit breakers were not provided.

In situations where disconnectors need not be operated with
either pole alive, as for instance between transformers and
transformer circuit breakers at the generating station in Fig.
21, the cumbersome 220-kv. disconnector would not be needed,
and some form of simple readily removable link would be used.

Generating Station Arrangement. Simplicity should be the
dominating principle in the electrical layout of the generating
station. The generator and its transformer should be a unit
and there should be no low-voltage bus and no low-voltage
paralleling. For stations of the size contemplated, a bus at
generator voltage would involve such tremendous duty on oil
switches, such elaborate sectionalizing reactances and, in
general, such expense and hazard to reliability of operation, all
without any material benefit, that it unquestionably should be
omitted.

Preferably, although not necessarily, a specific bank of
generators should be assigned to each 220-kv. circuit, thus
enabling segregation of circuits at the generating stations, if
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desired. The economic capacity of a 220-kv. circuit is roughly
100,000 kw. to 150,000 kw., so that usually this would mean
two, or possibly three, generators per circuit. In case condi-
tions governing generating station practise should favor larger
generators, say of the order of 100,000-kw., and if satisfactory
units of this capacity should be developed, simple station
layout would be possible by using one generator to each 220-kv.
circuit.

In case it were necessary for a 220-kv. generating station to
deliver power also at a lower voltage, for instance 66 kv., it
would still be desirable to avoid a bus at generator voltage.
The preferable arrangement for such a station would be a bus
at each line voltage, each fed by its own generators. These two
busses might or might not, depending upon the particular
conditions obtaining, be interconnected by transformers.
The omission of the low-voltage bus would not complicate

the problem of auxiliary station service, since good practise
already provides that such service shall be supplied from a
special generator rather than from the station bus.

Synchronizing at 220-kv. can be effectively accomplished, it
is believed, by an adaptation of the static synchroscope.
Main Substation Arrangement. Two hundred and twenty-

kv. substation layout will be influenced largely by the particular
local conditions of each installation. The usual type will
probably serve to step down from 220 kv. to a secondary
transmission voltage, such as 66 kv. or 110 kv. In such a case
it will, in general, be necessary to have both a primary and a
secondary bus system,-at 220 kv. a simple bus with sectionaliz-
ing circuit breakers, at secondary voltage, where greater
flexibility would seem desirable, probably a ring bus. Owing
to the high current values which would obtain at the secondary
voltage, (it should be kept in mind that the large condenser
capacity will aggravate short-circuit conditions), it appears
advisable to provide sectionalizing reactances in this bus.

Synchronous condensers, of such capacity as may be de-
manded by length of 220-kv. line, amount, load factor and
power factor of load, will be provided for each transformer
bank. In the usual case, these condensers will be connected to
a third winding in the main transformers. This method of
connecting the condensers appears to be simpler, cheaper, and
equally reliable as compared with connecting the condensers to
separate transformers on the low-voltage bus, although the
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corrective effect would not apply to the secondary windings.
Three-winding 220-kv. transformers, with the tertiary winding
of 50 per cent of the capacity of the 220-kv. winding, would
cost about 15 per cent more than two-winding transformers.
The voltage of this tertiary winding and of the condenser
would be as high as may be found practicable for satisfactory
operation of this type of apparatus.

In cases where the secondary substation voltage were within
range of generator operation, 11 kv., 13 kv. or 22 kv., the con-
densers might be connected directly to the secondary bus.

Relay System. The station and substation arrangements
which have been proposed are predicated upon a relay system
which may be depended upon for effective and consistent
automatic operation, i. e., for insuring that a faulty piece of
apparatus, transmission line, or low-voltage feeder will be cut
out correctly, promptly and in such a manner as to avoid
interruption to the other elements of the system. Complete
multiple operation of all 220-kv. apparatus, stations and lines
is feasible only with a thoroughly dependable relay system.
In view of the encouraging developments in the relay field
during recent years, and of the fact that on such an important
system much effort can be concentrated in working out a
solution, it seems reasonable to assume that an adequate relay
system will be available.

Complete 220-kv. multiple operation is essential to obtaining
full economy and service reliability from the system, and any
resort to sectionalized operation, due to lack of adequate relays,
unreliability of circuit breakers or any other cause, should
be looked upon as a distinct failure to develop the full possi-
bilities of the system and as a temporary expedient to be dis-
pensed with as soon as possible. With complete multiple
operation, transmission lines are used to maximum efficiency,
there is full flexibility in shifting of load between generators
or stations, and, with dependable automatic disconnecting,
trouble in any part of the system may be isolated with a mini-
mum of disturbance to load.

CONSTRUCTION COST
The following estimates are intended to give an indication

of the installation cost of construction carried out along the lines
of the assumptions and recommendations in this paper. Local
conditions, of course, may require a considerable variation in
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arrangement and cost, particularly of substation apparatus.
These estimates are based on early 1919 prices, and apply to
station capacities of 200,000 kw. and larger at 220 kv.

Step- Up Substation. Outdoor
transforming and switching struc-
tures and equipment (220-kv.
apparatus and connections only),
installation and indirect expense. $8 to $9 per kw.
Step-Down Substation. Outdoor

transforming and switching struc-
tures and equipment (does not in-
clude low-tension feeder bus or
feeder switching equipment) syn-
chronous condensers of capacity
for length of connected lines,
building, control equipment, in-
stallation and indirect expense... $15 to $20 per kw.

Transmission Lines. Single cir-
cuit steel towers suspension insu-
lators.
Towers.....$8000 -per mi.
Insulators and Hardware ........ 2800 per mi.
Conductors and Ground Wire.... 5000 per mi.
Special Structures....... 1000 per mi.
Right-of-way ... . 3000 per mi.
Indirect expense... 3700 per mi.

Total....... $23,500 per mi.
Total Cost 220-kv. Transmission.

100 mi.$40 to $45 per kw.
200 mi.60 to 65 perkw.

300 mi..... 80 to 85 per kw.

CONCLUSIONS
1. It is generally recognized that the country's industrial

advancement will require increasingly great amounts of electric
power, particularly in view of the relation between use of power
and unit productiveness of labor, and that this power must be
supplied in accordance with a rational policy of conservation
of our greatest national asset, our fuel resources. This points
to the necessity of large scale transmission of power from distant
points of generation at the energy sources, coal fields and water
powers.

2. Two hundred and twenty kv. appears a logical choice for
such large-capacity, long-distance transmission, which is clearly
beyond the economic range of present transmission voltages.
Two hundred and twenty kv. is high enough to meet pending
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requirements in power supply evolution but not so far beyond
existing practise as to involve question of its immediate
feasibility.

3. Design of a 220-kv. system brings up important problems,
new in character or significance. These problems are due
rather more to the large amounts of power involved than to the
high voltage.

4. Two hundred and twenty-kv. power supply will require
unprecedentedly high service standards, load factors will be
high, particularly at the start, and the frequency should be 60
cycles. For full economy the load for each 220-kv. circuit
should be 100,000 kw. or higher.

5. The selection of type and size of conductor is an important
economic problem involving a balance of many factors. Cor-
ona does not enter as an especially serious limitation owing to
the large size of conductors otherwise required. Research is
needed as to best method of stringing conductors.

6. Insulators of present commercial disk types can be made
to give acceptable service, but there is need of an insulator
more efficient electrically, stronger mechanically and of un-
questioned durability. There is opportunity for valuable
research and development work in this field.

7. The familiar single-circuit rigid type of steel tower ap-
pears to be most conservative for immediate use, owing to its
reliability having been demonstrated by experience. The field
offers promising possibility for development of other types of
single-circuit and multiple-circuit towers. The economical
span length (here taken as 800 ft. normal), may vary with the
factors of each situation. A series of standard towers of
graduated weights will be advisable.

8. The basic idea of 220-kv. station and substation design
is simplicity and intrinsic strength of equipment, rather than
flexibility and external protective measures.

9. Transformer connections should be Y on 220-kv. side
with neutral dead grounded. Development of 220-kv., large
capacity transformers presents no undue difficulties. Fre-
quently the design might advantageously employ forced oil
circulation with external cooling. Present types of bushings,
suitably adapted, seem satisfactory for 220-kv. service.

10. The 220-kv. system should be laid out for multiple
operation and switching should be done at 220-kv. A thor-
oughly dependable and carefully coordinated relay system is a
basic requirement.
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11. Development of circuit breakers presents no serious
difficulty from standpoint of voltage, and it is believed that
proposed designs will be adequate for the duty which will be
demanded.

12. At generating stations each generator and its step-up
transformer bank should be treated as a unit. There would
be no low-voltage bus and no low-voltage circuit breaker.

13. At substations each transformer would be a unit with a
synchronous condenser supplied from a tertiary winding.

14. The studies which have been made and the tentative
designs which have been built up serve to establish confidence
in the conclusion that 220-kv. transmission is immediately
feasible as a commercial proposition.

15. It is hoped that public presentation of these 220-kv.
studies may serve in some measure to facilitate the working out
of this advance in the transmission art, and that in particular
it may promote interchange of ideas, bring out constructive
criticism and stimulate needed investigations.
The author wishes to offer acknowledgment and express ap-

preciation of the assistance of his associates and of various
engineers and manufacturers whose ideas have been sought
and freely used in the preparation of this paper.
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DISCUSSION IN "PROBLEMS OF 220-KV. POWER TRANSMISSION
(SILVER), LAKE PLACID, N. Y., JUNE 27, 1919.

W. S. Murray: I think Mr. Silver has made a contri-
bution apropos of the times and for it I have had in mind for
some time a very concrete application.
The time is before you for very large things and it would

seem to me that 220,000-volt transmission will offer an op-
portunity to exercise ourselves in that field.
The amount of waste due to improper generation of power,

its transmission and application, is something enormous-
far beyond, I think, the conception of many of you here pres-
ent. I can epitomize such a statement by saying that I be-
lieve that a careful investigation will show that in the Boston-
Washington territory, 450 miles long and say 100 miles inland,
the amount of waste is about $300,000,000 per annum.
The plan of the super-power transmission to save that waste,

is to establish on the coast, stations in which there will be units
not smaller than 35,000 to 40,000 kw., each of these stations
aggregating 50,000 to 1,000,000 kilowatts as a whole, and
at the same time developing such hydroelectric points on
rivers and steam stations at the mouths of mines as will eco-
nomically justify themselves; all of this power so generated
being transmitted to the super-power line to give an economy
of between ten and eleven pounds of steam per kw-hr., the
consumer securing it say somewhere between twelve or thirteen
pounds.
The average rate for the generation of power throughout

territory taking into account the steam power factory drive
is somewhere between twenty-five and thirty pounds of steam,
per kw-hr. Thus this rate would be cut in two.

In my experience with railroad electrification there is no
question that the present economy of the electric engine over
the steam, taking passenger, switching and freight, into con-
sideration is in a ratio of two to one. In the case of steam
driven factories it would be much greater than that.
The load factor of a steam railroad, say on the order of the

New York Central or the New York, New Haven & Hartford,
can be made to be 70 per cent. On the New Haven there are
opportunties on its main line division of making it 75 per cent.
As we all know, the load factor of the central station is good if
it is 35 per cent to 40 per cent and so, in combination with the
load factor of the railroads and that of industrial power and
lighting, we might hope to get an average load factor of some-
thing like 50 per cent.
The idea of economy alone is good but the plan is even far

more reaching when we consider that we must create very
shortly some form of common carrier for power. I think that
you will be surprised when I tell you that the cargo space used
by coal shipment today on the Northeast Atlantic seaboard is
40 per cent and this means that our industrialism, which is
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expanding tremendously (all the earmarks of it are before us
now), the necessary transportation to take care of it falling
far behind, and therefore if we can take this enormous coal ship-
ment off the rails and put it up overhead, we will take a tre-
mendous burden off of the railroads.

There are two great things that enter the consideration of
this matter. One is the question of the coal men who will only
have to carry one pound of coal against two, if the economies
I have suggested are correct. The answer is not to say to the
coal man that his railroad is going to be knocked out of its divi-
dends if it is a coal carrying road, but that his road is going to
become the highway for new industries. New industries will
spring up along that road and the space created by eliminating
a part of the coal, will give space for the new industrial com-
modities which can be hauled at a higher rate.

In other words, it is a constructive and not a destructive
policy.
The other most important question is the matter of the obso-

lescence of the plants already established. What are we going
to do with them? The answer to that, I think, is not a difficult
one. We are going to use those plants and we will use them
this way: On peak load they will be a most valuable asset in
the regional system. On light load they will be most valuable
as condensers to take care of the idle or magnetizing current
in order that the larger generating units may generate at maxi-
mum efficiency the real power. Thus instead of facing ob-
solescence their life will be extended in this new field.
Another question: What will be the corporate status of

the present companies? The primaries of today will become
the secondaries of tomorrow. The power will be generated in
bulk and be transmitted to the present companies who will
maintain their present entity as distributors and so far as
franchise rights, etc., are concerned, will remain exactly as
they are today.

If an investigation is made, and I trust will be, and we find,
as I have stated that there are $300,000,000 being wasted in
this zone, it seems to me that as we are now mining some 75,-
000,000 tons of coal anthracite, and we have only got 75 years
of it left, and as we have jumped from 100,000,000 of bitumin-
ous coal mined per annum to 580,000,000 that every engineer
must fight for this conservation plan.

It is very well to say that we have 3,000,000,000 tons of coal,
which we have, in this country but where is it? It is not in a
place where it can be economically transported. Much of it
is away out in the Alaska fields. Of course we have the Penn-
sylvania, Illinois and Ohio fields but if you can see the acres
that have been taken out of them you will see the force of the
necessity of our economizing, I think, as much for ourselves as
for the sake of posterity.

I want to leave a final thought with you in this statement:
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When the matter of this investigation is presented to Congress
an appropriation will have to be made to cover the work, and
I think that we ought to all of us consider this not a local mat-
ter but a national one. It seems to me that this viewpoint is
fair enough. The Senator from Ohio or the Senator from Ne-
vada or even the Senator from California might get up and
say "Well, why not make a super-power transmission in our
territory? Why should we not vote for the Northwest Coast
instead of the Atlantic seaboard?"

I think that that would be a very short-sighted attitude be-
cause the finishing shop of the United States is on the North-
east Atlantic seaboard for American industry. There is very
nearly 80 per cent of the country's industry concentrated
right here. Now, if we are going to maintain the American
standard of wage and living while competing with the world
-and this is the great angle of vision we should take now-
that is where the American product must continue to be
finished and placed on shipboard.

I was very happy indeed at the Boston Section to have that
branch of the American Institute of Electrical Engineers, vote
a resolution of approval of Secretary Lanes' proprosed appro-
priation to cover this investigation and as I said before, we
can just visualize this great line constructed as described, into
which is fed a kilowatt hour at an expenditure of ten pounds
of steam keeping in mind for economies sake the wonderful
contributing factors of load factor, to say nothing of break-
down service which will be established between plants. Surely
this is a sound vision, it is certainly not impractical.

I don't believe I could leave a better slogan with you in
closing than saying, that lately we have been spending billions
for destruction for preservation, now let's spend billions for
construction for conservation.
W. M. Dann (Pittsburgh): The transformers that Mr.

Silver speaks of are certainly very interesting on account of
their size and the high operating voltage. They are the
largest units that have so far been proposed seriously, but I
believe the manufacturers feel no hesitancy at all in building
units that will be dependable and reliable in service.
On page 1091 referring to the choice between three-phase and

single-phase units, it seems to me that all the arguments are
in favor of single-phase units, particularly since the three-phase
unit as large as 100,000 kv-a. seems to be impractical at the
present time. For a bank of that size three 35,000-kv-a. single-
phase units will be cheaper than two 50,000-kv-a. three-phase
units. The switching would be simplified, the floor space re-
quired would be less and there would be some gain in efficiency.
The high intrinsic reliability which Mr. Silver refers to can

almost be said to be characteristic of power transformers now-
adays because they are actually responsible for very little real
trouble. However, 100 per cent reliability is an ideal which we
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will have to admit has not yet been reached and it seems to me
from the point of view of insurance that it would be unwise to
figure on operating such a big and important system without
spare transformer capacity. If this is conceded, the argu-
ments in favor of single-phase units are even stronger.
The statement is made that for relatively small substations

equally satisfactory service can be rendered at less cost by a
bank of two three-phase units as compared with one bank of
single-phase units with a spare. It seems to me that the argu-
ments are in favor of single-phase units particularly since
spare units are provided with the single-phase and not with the
three-phase transformers.

Operating the generator and the transformer equipment as
a unit will very likely meet with pretty general approval.
Here again I believe that the choice of units is in favor of the
single-phase transformer.
The suggestion that the future may see a radical change in

the present method of handling and cooling transformer oil is
certainly a very interesting one. Heretofore the forced cool-
ing of transformer oil has not been very common and not very
popular and the reason it has not been popular is the expense
and complication and the lack of real necessity for the forced
cooling system. It may be that in connection with trans-
formers of this unusual size, experience may bring up some
new points which will make it seem a little more desirable.
On page 1092 is given a list of apparent advantages for the

forced cooling system and just to take the opposite side of the
argument for the moment, I would like to submit a few points
to go with this list:

(a) Tanks are smaller and cheaper due to eliminating the
cooling coils. The saving in size is really not very great. It
appears only in floor space because the height is practically
fixed by the insulation and the length of the bushings for 220-,
000 volts. In other words, the height of the transformer is
practically the same whether the cooling coils are internal or
external. The saving in cost, if copper cooling coils are taken
into consideration, amounts to from 5 per cent to 8 per cent.
If iron cooling coils are taken into account, the saving is con-
siderably less. This is not a net saving, for the cost of the ex-
ternal system with its pump and motor is greater than the
internal cooling coils.

(b) Assuming that the ducts in the windings are free from
restrictions and that there are no places where the oil does not
flow naturally in response to the thermal head, there is nothing
more positive in circulation or more positive in cooling than
the natural flow of oil set up by the heat of the windings and
it would seem that forced cooling should be unnecessary un-
less some new and compelling reasons are developed to justify
it.

I question whether the rapid circulation of oil in a water-
cooled transformer is fully appreciated, for it is really more
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rapid under the natural conditions than with forced cooling
unless the external piping and pump are unreasonably large.
The thermal head in a transformer forms one of the most effi-
cient pumps. Anyone who has ever looked into a transformer
when operating under load will remember the boiling of the oil
at the surface due to the strong circulation.

(c) The temperature of the oil at the bottom of the case is
dependent only on the size of the cooling plant, irrespective
of whether it is internal or external, and low temperature of
the ingoing oil is not specially characteristic of the forced
cooling system.

(d) The oil must of course be kept absolutely dry, and if
it is conceded that we can't get reliable cooling coils placed in-
side the transformer, then the present almost universal prac-
tise would have to be abandoned. It seems to me that we can
count on reliable coils and perhaps the risk of getting water
into the oil is not very much greater than the risk of getting
air into the external system through the piping and pump, and
that of course would be a very serious thing with these high
voltages.

(e) Continuous filtering of the oil can be carried out whether
the transformer is cooled by natural cooling or by forced cool-
ing. It would be impracticable to filter the main flow of oil
supplied to a transformer of this size because the volume is
too great.

(f) It may be that when we get used to large systems,
having these high-voltage transformers, the forced circulation
of the oil may appear to be more desirable and perhaps cheaper
than it has heretofore, but experience up to the present time
really does not indicate it.

I happen to have had some experience with a 14,000-kv-a.
three-phase transformer which is cooled with a forced circula-
tion of the oil through an external system. This is quite a
little smaller than a 35,000-kv-a. or 40,000-kv-a. single-phase
unit but its test results are interesting and it seems as though
they ought to be useful in considering the forced cooling of
large transformers. This transformer is supplied with 270
gallons of oil per minute and is circulated by means of a pump
driven by a 10-h.p. motor. The maximum temperature at
the top of the oil is 51 deg. cent. and at the bottom, before it
enters the case, 45 deg. making a difference of 6 deg. from
bottom to top.
Now, if that same transformer were cooled in the more usual

way with water circulated in internal cooling coils, it would
require approximately 60 gallons of water per minute and a
pump requiring not over 2 h.p. to drive it. The temperature
of the oil at the top would be 51 deg. cent., the same as before,
but at the bottom it would be 47 deg., a difference of only 4 deg.
from bottom to top. The temperature of the water is 25 deg.
cent. in both cases.
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The interesting points here are that:
(1) The difference of temperature of the oil from bottom to

top as a water-cooled unit is only two-thirds of what it is as a
forced-cooled unit. This means that the circulation of the oil
is about 50 per cent more rapid and 50 per cent greater in
volume when the transformer is cooled with the natural circu-
lation. This is a good illustration of the rapid flow of oil in a
water-cooled transformer, which I said a moment ago perhaps
is not fully realized. The thermal conditions tending to pro-
duce the rapid circulation of the oil in a water-cooled unit, are
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all present when it is operated as a forced-cooled unit, but the
restriction to the flow of the oil in the piping and the external
cooling coils is great enough to pull the flow down to about
two-thirds of wha-t it would be as a water-cooled unit. In
other words, the efficient pumping effect of the thermal head
plus the external pump are not sufficient to produce the flow
that would result from the thermal head alone simply on ac-
count of the friction, head of the external system and the only
way to bring the circulation up to a par with the natural water-
cooled circulation would be to spend an unreasonable amount
of money on the external piping, pump and motor. Now this
may seem surprising to some but when one stops to think that
it requires very little pressure to make the oil flow up through
the windings and to return it down the sides of the case and
that it requires a very considerable pressure to circulate it
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through the external piping and cooling coils, the results are
not so surprising.

(2) The temperatures are more uniform under the natural
cooling condition than with the forced cooling condition in
this transformer. This follows as a natural result of the
greater flow of oil.

(3) If enough money were spent in pump and motor to
double the flow of oil that exists under the forced cooling con-
ditions the gain in maximum oil temperature would be only
1.5 deg. over the natural water-cooled condition and the
expense of this undertaking would be practically prohibitive.

Looking at this problem from the point of view of simplicity,
it would seem to be a better proposition to go into the tank
directly with the cooling medium and carry the heat away
rather than to provide means for removing all of the oil with
its heat units from the tank, carry it to some external point
and there extract the heat and then return the oil to the tank.

Really, the big problem in cooling a large transformer is the
problem of getting the heat out of the coils into the cooling
stream of oil, and usually the cooling of the oil itself can very
easily be taken care of without resorting to the forced cooling
system.

After we have studied this problem of cooling unusually large
transformers during the next year or two, perhaps the forced
cooling system may show up to a little better advantage. I
think it will be very interesting to watch the developments of
the next few years.

Philip Torchio: I am representing in my employment,
central stations. I want to say from the start that the central
station as an industry don't care how the power is generated.
Whether they generate it themselves or if they buy it from out-
side sources, it is the same to them. The central stations are
purveyors of power to the public and they are not concerned
about the question of selfish motives to have it generated lo-
cally under their direct control or from an outside entity, pro-
vided that equal cost can be secured and equal reliability of
service can be given to the customers.

So, in comrmienting on the interpretation of Mr. Silver's
paper in the broad generalization and application to the solu-
tion of the power problem of the nation, I want to put an em-
phatic denial on record that the central stations have any selfish
motive in raising any question or any objection to such plan.
In fact, the question of securing economical advantages of tie
connections has been one of the characteristies of the central
station industry.

In the particular field of activity of my people, we have prob-
ably been leaders in the interconnection of systems. We have
had interconnection between the stations of the lighting com-
panies and the railway companies since 1899 and they have
been added thereto from year to year so that all the stations
in that territory are now interconnected in one system.
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In commenting on the general problem of power supply to
the nation, as the time is short I want to refer you to a discus-
sion I presented in January 1918, on Mr. Jackson's paper.
In that discussion I brought out emphatically the essen-
tial necessity for the states east of the Rocky Mountains to
develop to the highest degree the steam power plants. The
question of utilization of water power is secondary. We have
very little water power available east of the Rocky Mountains,
except at one location, the Niagara and St. Lawrence River,
and for the application of those powers I also made certain
suggestions, which I think should be given serious considera-
tion by the Congress Committee if such a Committee is ap-
pointed.
Now in our daily studies of supplying power to important

centers or important industries, we are meeting daily with the
question "Can you as safely transmit it ten miles away? If
you have to cross a river, wouldn't it be better for us to have a
station?" Now here comes a suggestion to go 250 or 300
miles. I don't think that the public is much concerned on the
theoretical savings that can possibly be made by having the
power delivered from a distant point, two, three or four hundred
miles, versus the power generated locally, which may be a dif-
ference of one-tenth of a cent per kilowatt hour. They are
more concerned that the power be reliable, continuous.

In 1911 I presented a paper to the Turin International Con-
gress on the latest development of high-tension transmission
which was then 120,000 volts. Being a delegate of the Asso-
ciation of Edison Companies, I transmitted to the Association
the paper presented at the Congress, with a supplemental re-
port, headed "What the Central Station Can Gain from the
Latest Development of High-Voltage Transmission." While
the report did not state specifically the location, still it covered
the territory between Boston and New York, a part of the
territory that Mr. Murray has described. I recommend that
that paper be considered, because it gives the values of what
you can gain and visualizes the relative advantages.

Returning to the point of reliability of service, Mr. Murray
says the plan contemplates using the existing stations for peak
loads. I assume that in a district like Greater New York the
peak load would occur in the winter months, usually between
November and February, and I imagine that during that period
the stations would be under steam. I don't understand what
Mr. Murray had in mind about the summer months. I imag-
ine that he would use the transmitted power when the loads
are light, as during the summer months, when the loads are
normally about 60 or 70 per cent of the maximum winter load.
It may interest you to know that on June 20th, 1919, a few days
ago, at four o'clock, out of the clear sky, suddenly darkened,
we got the highest load in the history of our company.
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Now how could the customers be supplied from a peak sta-
tion, shut down? It would be impossible. We will have to keep
those stations under steam. Now when you keep stations
under steam you have a great loss in banking fires and radia-
tion, and those losses must be considered.
A valuable paper has been presented to the Smithsonian

Institution by Mr. Pogue and another writer, emphazing the
necessities of this power problem and the necessities of having
power transmission lines the same as we have passenger and
freight communication lines.
But I think one thing is overlooked, that we must use coal

to generate our power. It makes very little difference in the
saving of coal if we generate the power at the mine or if we
generate it at tide-water or in Chicago. The only possible
saving is of lightening the load on the railroads.
The point I have made in my quoted remarks is that by

keeping up the development of the central stations as we are
doing it, securing for our increment power the high efficiencies
of which Mr. Murray speaks, and we concentrate all our com-
bined efforts along the lines which the central stations are fol-
lowing, we will get out from coal all there is in it, the same as
if we generated the power at the mine. Our goal must be to
concentrate all efforts to prevent the small uneconomical plant
from generating power. Those are the people that use the
thirty, forty and fifty pounds of steam. We must also stop
the trunk railroads from using from one hundred and twenty-
five to one hundred and fifty millions of tons of coal a year at
5 per cent efficiency.
Now if we generate that power in our stations and we realize

with these intercompany ties that I was proposing eight years
ago, we will secure all the advantages that Mr. Murray points
out, and we will give to the customer a more reliable service
than if we tried to supply it with power over long distance
transmission lines.
The time is short and I want only to emphasize this feature,

that the central stations are not advocating from a selfish stand-
point the higher development of their plants, but they are logi-
cally fulfilling a line of economic development. If we carry
out that development we will reduce from one-half to two-
thirds the freight for power coal on our railroads. Then the
gradual electrification of trunk railroads will double their car-
rying capacity and the question of congestion of traffic will be
solved in a logical way and in a saving way.

S. W. Mauger and R. M. Spurck: The importance of the
subject and the advantages shown by Mr. Silver in the use of
220-kv. transmission, warrCants some comments from the stand-
point of the designing engineer and we are therefore presenting
the following remarks on line insulators, switching devices and
relays, confirming Mr. Silver's conclusions.

1. Although it is believed that the values shown in Fig. 9
for the dry flash-over voltages of insulator strings, is somewhat
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low for strings of 8 units and more, the values which it is be-
lieved are more nearly correct, are not enough higher to neglect
the additional advantages that can be obtained from grading.
Such grading appears to be practically feasible. The use of
shields, however, offers many mechanical difficulties that would
make the results obtainable not worth the added complication.
Very little reduction in the flash-over voltage of strings of

units is expected when such strings are combined in multiple.
Attention is called to the probable mechanical difficulties in-
volved in shielding strings of multiple units.
We believe that a great part of the insulator trouble noted by

Mr. Silver, has been confined to insulators having cemented-on
metal fittings. Practically no trouble has been experienced
with the link type of insulator, which has no cement and whose
design is such that the insulating section is maintained in com-
pression.
The completion of the development of new designs of hard-

ware promises further extension in the use of existing designs of
link insulators which already have a service record, indicating
that they are suitable for 220-kv. transmission with the moder-
ate mechanical loads ordinarily required.
For higher mechanical loads, a similar insulator of much

more rugged design and capable of handling the heaviest me-
chanical load estimated for the present 220-kv. transmission
problems is being developed.

2. Eliminating low-tension switching is a big step in reduc-
ing the complication involved with such large units as are re-
quired for economical operation at 220-kv. and the saving will
go a long way toward paying for the increased cost of the high-
voltage switching apparatus.

This, of course, can only apply to generating stations, but
in substations the voltage to which the transformers are stepped
will be high enough to obviate the very heavy currents.
As Mr. Silver brings out, the handling of very heavy cur-

rents involves more difficulty aside from the question of space,
than the handling of very high voltages.

3. Mr. Silver makes an apparently bold recommendation
regarding protective equipment, but with the great saving in
line conductor cost, we can possibly afford to spend a little of
this saving in making our insulation proof against over volt-
age. This is at least worthv of careful consideration.

4. As far as oil circuit breakers and line disconnecting
switches are concerned, we have found no design problems that
cannot be worked out and the performance of the apparatus
predicted with a fair degree of accuracy from designs and per-
formance data on similar apparatus for lower voltages, namely,
those voltages between 100 kv. and 1.55 kv.

In oil circuit breakers for 220-ky. in order to obtain the de-
sired insulation, it is necessary to have exceedingly large tanks
on account of the large breaks between contacts and large clear-
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ances between contacts and tank, and we believe therefore,
that it is advisable to have a smaller and very strong arcing
chamber which will relieve the tanks from stresses occasioned
by opening large amounts of power. These explosion chambers
also are very efficacious in breaking the arc because in their
design the pressure of the gas is utilized to a good advantage
in blowing fresh oil through the arc stream, thereby assisting
in effecting a prompt extinction of the arc. Such breakers can
be supplied with two or four breaks per phase, with four break
design having all four breaks in one oil vessel or preferably two
breaks in each of two oil vessels.

5. 220-kv. air break disconnectors must necessarily occupy
considerable space, which of course involves difficulty in de-
sign and operation as well as expensive structures for support-
ing the switches. We cannot hope for any change in these
conditions, but it is felt that the conditions can be met with en-
tirely operative and rugged designs, even if necessary to open
the exciting current of a transformer. It is not recommended,
however, that this should be done except on the small capacity
transformers. The following types have been suggested:

(a) Combination knife-blade arc-horn type with two blades
in series operated simultaneously and mounted on rigid in-
sulators. The blade opens upward.

(b) Underhung-blade type supported from link suspension
insulators, the blade opening downward.

(c) Knife blade type with hinge end supported partly on,
insulating bushing of transformer or oil circuit breaker and
partly on a separate rigid insulator which is revolved or other-
wise moved to operate the switch and the other end supported
by a rigid insulator on the tower structure. The blade opens
downward.
The type mentioned above first is the only type we would

recommend for opening with exciting current flowing. The
second type with the proper mechanical design can probably
be made to give the mnost reliable service from standpoint of
insulation, because link insulators without cement can be used,
thereby eliminating troubles attributed to cement.

6. It is gratifying -to know that Mr. Silver recognizes the
great progress that has been made in relay development.
From the standpoint of relay application, there is no more rea-
son to anticipate difficulty with a 220-kv. system than with one
of lower voltage.

J. C. Parker: I take it that the comments by Mr. Torchio
are not intended in disparagement of the very large social vis-
ion that Mr. Murray has given us of the implications of this
paper on the 220-kv. transmission, rather that they are in-
tended as a warning and a possible encouragement and incen-
tive to the profession as a whole to tackle the large proposition
of the super-power development as an integral matter, rather
than as a specialized line of development.
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I think it is very satisfactory to the electrical engineers that
Mr. Murray has pointed out to us an opportunity for a social
relation for our technical work. I think electrical engineers in
the past have had occasion to feel that particularly the civil
engineers have had a greater social relation in such things as
matters of transportation and sanitation than have we elec-
trical engineers.
The problem of coal conservation as affected by these super-

voltages and super-power lines, it seems to me, divides itself
naturally into two parts, one which is technical, the other which
is more or less political. Those two parts are incidentally con-
cerned with the things that are internal to the industry and
peculiarly within the hands of the electrical engineers, and
those things which are external. Whatever we may do in the
way of technical improvement in getting higher voltage lines,
lines capable of transmitting at high voltages and at high
economies, will be utterly nullified, as pointed out by Mr.
Torchio this morning, unless an inducement may be created
for the ultimate user to take the power so economically gener-
ated and transmitted.

Mr. Torchio is quite right in the statement that if you wipe
out the entire marginal cost of steam power production you
have done no good toward getting economical coal usage, unless
the ultimate consumer can find a selfish interest in such utiliz-
ation. Now that does not mean that these higher voltage lines,
these large projects necessarily fail to attain the. end. It sim-
ply means that we must be spurred toward very large efforts
in the direction of securing the one thing that is essential, con-
tinuity of service. With these very large systems, with large
centers of population dependent on the service, continuity be-
comes preeminently the requirement, and much more so than
even in our metropolitan systems of today. I don't think that
that need discourage us. There is opportunity, there is hope
for the right sort of development.
Mr. Silver has pointed out one line that must be pursued,

that of simplicity. Much of the discouragement in our high-
tension transmissions in the past has been due to the fact that
we did not sharply differentiate between a transmission system
and a distribution system. These super-power lines cannot be
tapped for every small community. We will probably have
intermediate voltage lines for distributing to the smaller com-
munities.

I believe also that Mr. Murray pointed out the importance
of a multiplicity of generating points on a relatively simple sys-
tem. Where that sort of thing has been done with such volt-
ages as 140 kv., continuity of service has been attained. On
the other hand, the profession as a whole, if it is going to ac-
complish this very large social program, must devote to it a
great deal of effort. We must make our utilization apparatus
simpler and cheaper. We must make the means of distribution
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much more economical, with a marginal generation at as low as
0.2 of a cent in the pre-war days, the distribution companies
were the thing that stood between cheap coal utilization and
sales to the customers. There is a big problem for even the
application engineer whereby he ties himself to this program
of national conservation. ,
W. S. Murray: Mr. Torchio raised some very interesting

and very valuable points, indeed, and I thought it possible
that an impression might have been conveyed that in the study
of this matter we rather considered we had plenty of hydraulic
power in this region. Now I want to draw your attention to
the fact that at first blush the study shows that there is a de-
mand of some seventeen million horse power, of which ten is
industrial and seven is required for the railroads.
Now the actual amount of hydroelectric development avail-

able for what you might call, economic application, is some-
where around a million, and so there is not a very great deal of
hydroelectric power available as it stands. In other words,
just as Mr. Torchio pointed out, the steam will carry the heavy
end-93 per cent steam, 7 per cent hydroelectric. May be
later as we extend the line up into Maine and South down to
Richmond, we will strike into the Northern and Southern
hydroelectric powers, and the percentage of water power will
be increased, but it is primarily now a steam problem, a problem
of getting the highest economies out of steam.
That was just the point I wanted to bring up for fear you

thought perhaps we were thinking of the development of the
hydroelectric feature.
Next is with regard to the point Mr. Torchio raised concern-

ing a day that might come along in the middle of a low load sea-
son which would reach right up to the maximum of the high.
We have got to look at this thing away out there and not right
in front of us. We have got to keep our minds far ahead and
with this super-power system installed one or two units quickly
thrown into service would meet the conditions Mr. Torchio has
described. It is just because of the lack of it today that we are
at times embarrassed. His argument "against" is truly "for"
when we view this matter broadly.

I agree that these great steam stations are preferably to be
located in the large centers, such as New York, or Boston, or
Philadelphia, etc. Mr. Torchio is absolutely right along those
lines, but we must not lose sight when we have done that, of
the fact that this tremendous super-power transmission at
220-kv. is the interlink between all those large centers, and
provides a means to supply'the very customers that Mr. Torchio
pointed out we must reach and therefore, while entirely agree-
ing with him that his load centers are correct it should be
remembered that the super-power transmission ties in those
load centers and make them more effective, permitting us
opportunity to create a high load factor for a regional instead
of a city plant.
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Now just remember the house. Then, after the house, the
city. Then the district, then the territory, and now the region
and that is all this proposition is; to establish a twelve pound
line in this region. We are on the verge of large things, and it
is within the vision of those large things and within the vision
of practicability that we do the larger things in a more efficient
way than the smaller.

J. C. Clark: The San Francisco Section has organized a
local Committee on Railway Electrification, including in its
membership a number of the best electrical engineers of the
community. The Committee was organized about the first of
April, 1919, and has been holding meetings every two weeks
since that time. One object of the Committee is to gather all
the data they can get in the way of actual figures of power con-
sumed in railway operation, such things as maximum load
swings, demands upon lines to carry trains at all times, and
load factors. In this latter connection it is quite surprising
and gratifying to hear Mr. Murray state that the load factor
on his regional trunk, due to railroad operation, will run as high
as 75 per cent. No such high load factor has been predicted
by our people for the California mountain divisions.
Among other subjects which are being studied is the amount

of potential water power in the Pacific Coast States, especially
in California; the amount of fuel oil used by railroads; and
more technical topics such as the practicability of dispatching
trains with special attention to load factor.
The plan of the Committee is not to engage in political activ-

ity unless called upon. The Committee wish to be prepared
so that they will have all the facts and figures at their disposal
which they may need in order to assist any legislative body in
studying the problems of conservation of fuel in their district.
Fuel oil in California is going very fast.
Some of us do not look for the initiative in railway electrifica-

tion to come from the railways. It is rather remarkable that
the matter of railway electrification has been studied in the
past almost exclusively from the railway standpoint. It is felt
that we need not hope, certainly not in the near future, for any
considerable move for railroad electrification from our railroads.
One reason that has been apparent to some of us is that, in
these days of regulation of such utilities as railroads, it is a
growing practise to insure a reasonable return to the railroads,
or any utility, on its investment.
Now, if the railroads are assured, say, 8 per cent, it perhaps

removes one of the incentive toward more economical operation.
If that return is assured in any case, it is not quite apparent
why they should strive to improve their methods-at least not
from the point of view of the fuel conservationist. It seems to
many of us to be up to the public to insist upon railway elec-
trification, and with the attitude of being prepared for a public
movement for railway electrification, we are getting together
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all the data we can to enable us to be in a position to offer such
assistance to legislative bodies as may be asked.
Mr. Silver expresses some apprehension about insulators.

He has a good reason for this in view of the universally bad ex-
perience with the cemented type of insulator. Fortunately,
however, there are some very good operating data, covering a
period of perhaps ten years, on another type of insulator. I
refer to the original suspension insulator known as the Hewlett.
The failures in the cemented type of insulator have not been
due primarily to electrical causes but to mechanical cracking
and absorption of moisture. Electrical failures follow. The
cracking may be caused by expansion of the cement or of tightly
fitting metal parts. The presence of the cement greatly aids
in the absorption of moisture by porous porcelain in contact
with it. The absorption is apparently due to breathing. In
the Hewlett type the metal parts are strung loosely through
glazed cable ways. I have recently had occasion to examine
many insulators of this type having a ten year service record
with inappreciable loss. Electrical, mechanical, and porosity
tests showed no depreciation. Some of the old original units
that gave perfect service were poorly made compared to present
standards. This speaks well for the design.

It may be necessary to grade the strings of insulators used
on these high-voltage lines to lower the stress on the line unit.

In regard to the transformers, I believe decidedly, that all
high-voltage neutrals should be grounded without resistance.
With proper precautions there should be no difficulty with tele-
phone operation. The connection will in general be Y-delta
to prevent tripple frequency.

There are some advantages and many disadvantages in high-
tension switching. The number of these switches should be re-
duced to a minimum.
As transmission voltages are increased, the number of times

that lightning voltages exceeding operating voltage are induced
on the line in a given season will decrease.
The question naturally arises whether it will pay to install

lightning arresters. While it is probably true tha't a lightning
arrester gap on a 220-kv. line would discharge only at infre-
quent intervals, great damage might be done if it were absent
during these intervals. If it is assumed that the transient volt-
age is limited to the gap setting, it can be shown that about five
times the insulation is necessary to make the apparatus equally
safe without a lightning arrester. When the arrester is ab-
sent the voltage is limited by the line insulation. The turn
insulation probably receives relatively greater transient stresses
on very high-voltage lines than on moderate voltage lines. A
lightning arrester is decidedly desirable if its cost is commen-
surate with the cost of other apparatus. Consideration must
also be given to the enormous energy involved.

F. C. Hanker: The field of the 220-kv. system is appar-
ently limited, as pointed out by Mr. Silver, to trunk line service
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where we have long distance transmission and heavy blocks of
power. That would be the natural conclusion, based on pres-
ent analysis of costs, the development of the necessary trans-
forming and switching equipments involved in thie line con-
struction. It would naturally hold for pioneer installations
but if we look back on the history of transmission voltage, we
find parallel situations in the steps of 110-kv. to 154-kv-a. It
has only been a few years since 110-kv. was discussed as a high
voltage for transmission, while today it is so common that it
may be considered almost in the class of distribution voltages.
The frequency of 60 cycles selected for the studies is in line

with present tendencies toward the establishment of this fre-
quency as the standard frequency of power supply in this coun-
try. A general analysis of the factors entering into a decision
as to the best frequency to adopt in any specific case will show
that the increase in 60-cycle systems is a natural one and is one
that will undoubtedly continue at an accelerated rate.
The existing transmission systems that are operating at high

voltages above 110-kv., have layouts that in general require
regulation at one load center so that it is usually possible to
adjust operating voltages at the generator station to correspond
to the requirements at the load center and in this way keep the
investment in synchronous condensers to a minimum. In
the case of trunk line service where a mumber of generator
stations and different load centers are involved, the mainte-
nance of satisfactory voltage regulation at all points becomes
more of a problem and it is usually more economical to supple-
ment the synchronous condenser installation with synchronous
boosters or the equivalent, such as induction regulators. This
is particularly true where systems tie in with existing city sys-
tems that have standards established, making it necessary to
maintain closer voltage regulation than is permissible on some
of the pioneer lines such as exist in the West.
With the relatively high investment in lines and substation

apparatus it is important that full capacity be available. This
makes regulating apparatus at tap points desirable in order to
reduce the circulating currents to a minimum. We have re-
viewed cases where parallel lines were involved in which it was
desirable to provide independent regulation for each circuit.
This was due to unequal loading at tap points that would have
resulted in excessive circulating currents had the two lines been
paralleled at both ends and regulation obtained by synchronous
condenser equipment. It would also have cost very much
more to control by the use of synchronous condensers than by
boosters or equivalent regulating schemes. This condition
would obtain on projects such as have been proposed for trunk
lines along the Atlantic Coast tieing in the different existing
power stations. To be of value it should be possible to trans-
fer power in both directions, which would mean, in the case
where synchronous condensers were used, installations at each
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end of capacity to give the full range of regulation. This con-
dition can be better fulfilled by the use of sufficient synchronous
condenser capacity to provide for operation at the most eco-
nomical power factor and take care of the additional regulation
by some other method.
With the installations under consideration, the capacity of

the regulators that would be required would be larger than
have been built of the usual type of induction regulator. There
has been developed, however, a combination of the step type
and induction type that would be feasible for the capacities in-
volved. In this regulator the objectionable features of the
straight step type regulator have been eliminated in that no
switching is done with circuits having difference of potentials,
and as a result, sparking is avoided. The short-circuit stresses
that have been a limiting feature in the design of induction
regulators are avoided, in that only a small percentage of the
total short-circuit current is handled by the regulator.
The kv-a. required to charge the lines of the length that have

been considered in the studies becomes of importance due to
the effect on the generator excitation. A normal design of
generator such as would be installed would. have a short-circuit
ratio of approximately unity, that is, with the excitation re-
quired to give normal voltage at no load, the sustained short-
circuit current would be approximately full-load current. In
the studies made, 80,000 kv-a. is given as required to charge
the line so that it would only be necessary to supply 20 per cent
external excitation to excite the full 100,000 kv-a. in generators
to normal voltage. There will undoubtedly be times when
only one generator will be available to supply a line, and under
this condition, the charging kv-a. would exceed the capacity of
generating apparatus. This would take the control of the
voltage out of the hands of the operators and result in abnormal
voltages on the transmission line.

This condition is not of importance when operating under
the usual loads, but must be considered where high-voltage
switching is involved.

In commenting on the design features of 220-kv-a. station and
substation equipment the paper points out that the studies
have developed that current design principles and materials
now in ordinary use will be employed. This is encouraging
after reviewing the analysis that has been made of the prob-
lems encountered in laying out the other parts of the system.
While the margin on safe operating voltage is probably greater
than is apparently the case with the line construction, it is rec-
ognized that new problems exist and the manufacturers appre-
ciate the importance of these problems. They are not content
to be satisfied with the present conditions but feel that just as
careful analysis and research is fully warranted and should be
undertaken to ensure the success of this higher voltage system.
The problems have been classified as of two types, those due

to the high voltage of itself and those due to the enormous ca-



Ill Ps1P) iVR 7TJ.1 NASAIJSSION [June 27

pacities involved. The insulation problems in the stations are
concentrated where greater expense is justified in providing
the margin in safety that is essential.
The conclusion that all line switching should be done on the

high-voltage side will probably find opposition but if future
investigation confirms this statement it will simplify the switch-
ing problem. In accepting the recommendation, it should be
recognized that this method of operation will subject the trans-
formers to higher stresses than in the case of low-tension switch-
ing. It is true that the potentials resulting from switching are
of the same order as those the apparatus would have to stand
from static disturbances or other transients that may occur on
transmission lines, but they probably occur more frequently.
On the 110-kv. and 154-kv. systems, we have heard of no serious
results from the high-voltage switching, yet this point must be
taken into consideration in laying out a system on the higher
voltage. With the operating conditions that have been as-
sumed it would be well to consider arrangements wherein the
step-up transformers and the step-down transformers are con-
sidered as a unit and operated as such. This does not neces-
sarily mean that the-apparatus must be operated in parallel on
the low-tension side at the generating station, as the layout can
be so arranged as to provide for what is essentially unit opera-
tion.

In investigating breakdowns that have occurred on lower po-
tential circuits, we have obtained results that indicated that
the current was ruptured in the oil breaker at a rate several
times the normal frequency. If this condition holds for low
voltages with relatively short travel of the contacts and short
arcs, it must be more severe at high potentials with correspond-
ingly long arcs.

H. R. Summerhayes: Figs. 1 and 2 of Mr. Silver's paper
show a comparison of the cost of the line construction, total
operating cost for 154,000 volts and 220,000 volts, and at first
it seems as if more of a gain should be made on 220,000 volts in
spite of the increased cost of the towers, etc., which is incurred
by the higher voltage, but in reality the comparison is between
170,000 and 220,000 because 170,000 as stated in the footnote
is the voltage at the generating end of the line, just as 220,000
is the generating end voltage, and I think that the comparison
is really between those two voltages and not between 150,000
and 200,000.

R. P. Jackson: Mr. Silver's statement that there is no
type of insulator as yet developed that has thus far demon-
strated its ability to give adequate, or even reasonably satisfac-
tory results on high-voltage lines is an exceedingly severe in-
dictment of the suspension insulator considering the amount
of power now being actually carried by conductors hung on
such insulators. "Reasonably satisfactory" is a relative term
and if defined as being as satisfactory for example as the steel
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towers on which the insulators hang, the statement is doubtless
correct.

In reading Mr. Silver's paper, it is obvious that he has some
serious misgivings as to the insulators for the high-voltage high-
power lines proposed, and with good reason. A link of nine to
eleven ft. between the line and the tower appears altogether too
long. Six feet would be possible as a pillar to support discon-
necting switches. Further, a strain tower taking up the ten-
sion of the three lines in both .directions apparently requires six
strings, each of fifteen insulators for each conductor anchor.
This means 6 X 15 X 6 = 540 insulator disks per strain tower.
This strikes one as a monstrosity.

In the first place it would seem to the writer that the use of
15 disks in series is unduly conservative on a solidly grounded
neutral line that limits the voltage to 130,000. Ten, or at the
most twelve, should be sufficient with say a 7 in. spacing. This
would give a string about 6.5 to 7 ft. long and reduces the in-
equality in stress distribution.
When it comes to 2900 pounds as a maximum load on the

ordinary disk insulator, Mr. Silver is not unduly conservative.
Such an extraordinary proposition calling for such loads as Mr.
Silver describes demands something larger and stronger in an
insulator than anything now on the market.
The present types of insulators have been developed to meet

certain prevailing conditions. In fact, some operating men
state that for their use the usual cap and pin insulator is unnec-
essarily strong. It is undesirable to use a size and type of
insulator developed for the low stress conditions of ordinary
transmission lines for these new and much more severe condi-
tions. It certainly ought to be possible to make up an insu-
lator good for twice the stress of the ordinary unit, thus reduc-
ing the parallel strings for a conductor anchor from six to three.

Just which of the three types enumerated by Mr. Silver
would'lend itself most readily and most safely to increase in
strength is somewhat debatable, but it would seem that the
interlinked type in some form would offer somewhat the best
starting point, judging from what can be readily obtained now
in strain balls for guy wires.

It is to be hoped that no effort will be spared to do something
in this direction before resorting to the use of such a multiplic-
ity of insulator units as the present standard designs would
appear to demand.
The writer would personally commend Mr. Silver's judgment

in regard to lightning protection in retaining the overhead
guard wires and eliminating the lightning arresters. As to
something in the nature of choke coil protection against surges
of steep wave front, one does not feel so sure. That largely
depends on how well built are the high-tension windings of the
transformers.
H. B. Dwight: The statement in Mr. Silver's paper that

the frequency of 60 cycles should be chosen for an important
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generating and transmission system, even where there is a
large present 25-cycle load, seems a logical and proper conclu-
sion. As stated in the paper, the frequency of 60 cycles is su-
perior to that of 25 cycles for the general supply of energy, and
therefore any means which will tend toward the increased use
of 60 cycles is a step toward standardization of the right kind.

It may be interesting to note some of the main items of extra
expense entailed by choosing 60 cycles for the generating and
transmission system where the greater part of the load is 25-
cycle. Many residence districts and street lighting loads can
be changed to 60 cycles at very small expense. Many 25-cycle
transformers can be connected in two parallels and operated
at 60 cycles at increased capacity. For power circuits, it
would be possible to provide frequency-changer sets for a large
part of the total system load.
The cost of the motors of the frequency-changer sets should

not be charged to the fact that 60 cycles was chosen, because
they take the place of the synchronous condensers which would
have been needed for a system of this kind, as stated in Mr.
Silver's paper. Although transmission is usuallyconsidered easier
at 25 cycles than at 60 cycles, the advantage almost entirely
disappears when synchronous condensers are used to eliminate
voltage variation. Practically the same rating of condensers
is needed for a 25-cycle line as for a 60-cycle line, for the same
results in a certain case. Although there is less voltage drop
to be overcome in the case of the lower frequency, there is less
reactance to work on by the condensers.

It might be questioned whether the motor of a frequency-
changer set would be as effective for voltage control as a syn-
chronous condenser of the same rating. The answer is in the
affirmative if the load power-factor is as low as 80 per cent, the
motor of the set being operated at nearly unity power-factor at
full load, and at a load power factor at no load, of such a value
as not to endanger its stability of operation.

Therefore, if a large part of the load be supplied with 25-
cycle energy through frequency-changers, it would not be nec-
essary to scrap the 25-cycle apparatus in use, and yet new in-
stallations could be supplied with energy directly from the 60-
cycle transformers and so could enjoy the advantages of better
choice of motor speeds, better lighting and cheaper and more
standard apparatus of all kinds.

Thus, at the time of building a new generating and trans-
mission system, by the additional expense of the generating end
of the frequency-changers, and a small duplication of distribu-
tion circuits, representing an extremely small percentage of
the cost of the system, a 25, 30, or 50-cycle system could be put
in the way of gradually becoming a 60-cycle system.

J. F. Peters: There are a number of factors that enter
into the design of apparatus suitable for operating on a system
as large and as high a voltage as the one proposed by Mr.
Silver, that I wish to comment on briefly.
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Referring to page 1086 under, Design Features, I note that the
author states, "The handling of electrical potentials of 220,000
volts does not appear to involve any disturbing complications
or uncertainties. In fact, the manufacturers do not recognize
that any serious problem exists." Although that is true to a
certain extent, I wish to point out that there are several factors
which become of major importance in designs for high voltage,
which for low voltage are of no consequence whatever.

In the design of low-voltage apparatus, it is not necessary to
take into consideration the electrostatic field, whereas on high-
voltage apparatus that becomes the most important factor in
the design. Considerable work on the distribution of electro-
static field in transformers and methods of controlling that
distribution has been done by Mr. Fortescue, some of the re-
sults of his work have been presented before the Institute.
Under high-voltage switching, I wish to call attention to the

fact proven by experience that there are more or less high volt-
ages produced by switching. The magnitude of these voltages
and their relation to the applied voltage is not definitely known.
There is a question in my mind as to the advisability of high-
voltage switching on anything as high as 220,000 volts on ac-
count of that uncertainty.
Under transformer connections, I am pleased to note that

the author has recognized the decided advantages that there
are in the star connection. In addition to the advantages that
he has stated, I might add that this connection results in trans-
formers being smaller and more efficient on account of the lower
voltage that is developed in the windings, consequently less
insulation of inactive material.
With reference to limiting size of transformers, referred to

on page 1090, from my experience on the design of large trans-
formers, I have found that the mechanical stresses due to short-
circuit currents are not serious for high voltage. The short-
circuit stresses are not nearly as severe in transformers for high
voltage as they are for the same size units on lower voltages.
The reason for this is that the density of the leakage field is
much less on the former. My experience indicates that the
factor that limits the size of transformer units is transportation
and handling facilities. Those limits are not only due to over-
all dimensions, that is railway clearances, but for units of the
size suggested by the author, they approach the limit of carry-
ing capacity of even special cars.
On the top of page 1092 the author refers to the relative

amount of insulation for the line and grounded ends of trans-
formers. I do not believe that he means to infer that extra
insulation is not necessary between turns on the grounded
end of the transformer. It is true that the electrical stresses
between turns on the grounded end are somewhat less than for
the line end, but they are considerably greater than within
the body of the winding. I believe that the insulation be-
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tween turns should be correspondingly reinforced for both
ends of the transformer.

F. F. Brand: I am glad to see that Mr. Silver has decided
so definitely on the use of grounded "Y" connection. There
is no doubt that for high-voltage transmission this connection
which preserves a definite voltage relation of the lines to ground
and by which the possible voltage oscillations set up by arcing
grounds are greatly minimized, is the best connection.

This connection is made almost necessary by the decision to
do all of the switching on the high-voltage side, since the trip-
ping out of one phase, either by failure of switches or inability
to close and'open all three phases at the same time, does not
produce a greatly unbalanced electrostatic condition.
The argument that the grounded Y connection increases the

hazard due to short circuits, line failures, etc. damaging the
apparatus by mechanical stresses, is not of great moment be-
cause on such high-voltage systems the reactance of the trans-
formers and of the line must, of necessity, be so high that the
current would be limited to a few times normal through any
piece of apparatus.
The use of the grounded Y connection would permit appre-

ciable savings in the design of transformers since less insulation
is necessary to ground, and it is not necessary to insulate all
points of the winding to ground to the maximum extent.

I believe in general that the insulation to ground in the high-
voltage transmissions can be reduced, since the probability of
over-voltage due to lightning, etc. becomes less and less as the
voltage of the system increases.

I believe our standard Institute test of twice the line voltage
plus 1000 volts, is unnecessarily high for the higher line volt-
ages irrespective of whether the systems are isolated or grounded
and I think that it would be much more logical to adopt a
graded test value in which the factor of safety in test would be
appreciably higher for the low-voltage units than for the higher-
voltage units. Where grounded Y connections are used, the
test should, I believe be still further reduced, at least in the
higher voltage lines. If both transmitting and receiving neu-
trals are permanently and effectively grounded, it would ap-
pear that we could regard the transmission system essentially
as three single-phase systems and could with safety, permit
such test values as are ordinarily given for grounded single-
phase systems.

I have taken the liberty of drawing up suggested curves of
test voltage for both isolated and grounded systems which give
a graded test depending on the line voltage. See Figs. 3 and
4.
The conclusion that the high test values now applied are not

necessary for high-voltage apparatus is borne out by the fact
that there are a number of installations in operation of old
transformers in which the test value was only 1.5 times the line
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voltage although I believe that some, if not all of these systems
are operated grounded Y, and, further, it has not been the prac-
tise in the past to insulate step-down transformers with a rated
voltage lower than rated voltage of the step-up transformer to
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the same value, the insulation being based entirely on the rated
voltage. It would appear that all apparatus on a given system
or circuit should be insulated to the same value. As a matter
of fact, under light load conditions thae step-down transformers
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are frequently subjected to an even higher voltage than the
step-up machines, and since these step-down transformers have
withstood such conditions without failure, it would appear
unnecessary to insulate a step-up machine to such a high value
as is our present practise.
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With Mr. Silver's conclusion to omit the use of protective
equipment, I am not so much in sympathy. Lightning ar-
rester equipment in general protects the apparatus against ex-
cessive voltages to ground. It is not as truly selective to
frequency to the extent which we desire but it should be borne
in mind that lacking any protective equipment to discharge
over voltages to ground, the apparatus will be subjected to
surges originating or applied to the windings at a higher voltage
than if the proper protective equipment were connected.
With proper protective equipment, failures to ground on

high-voltage apparatus are extremely rare as pointed out pre-
viously, such failures as do occur usually being internal failures
between coils or turns caused by local high voltages. Undoubt-
edly without protective equipment, the apparatus would have
to be insulated not only to withstand greater voltage to ground
but against higher local voltages which occur due to oscillations
or waves of steep front.

I do not feel that it would be safe to use apparatus without
protective equipment unless the insulation was increased some-
thing in the order of 50 per cent over that otherwise required.
On the curves attached I have shown values which would

be derived if the test values suggested were increased 50 per
cent to take care of the cases without protective equipment.

C. F. Harding: Although Mr. Peek has pointed out in the
discussion of Mr. Silver's paper that the corona loss on such
a line, where the amount of energy transferred is large, will be
rather a small item, yet Mr. Silver has given considerable at-
tention to that subject and I want to mention briefly a point
which I think is worthy of consideration in connection with
that loss. As I understand it, Mr. Silver has based his cal-
culations upon the formula developed by Mr. Peek, presented
to the Institute a number of years ago. If I remember rightly,
that formula was derived from test voltages extending up in
the neighborhood of 140 or 150 kv. The speaker presented a
paper about seven years ago, on the subject of corona loss on
transmission lines which checked very closely the Peek data up
to about 150 kv., but departed therefrom materially between
150 and 180, or 190-kv., seeming to indicate that above 150-kv.
values, it might be desirable to introduce new constants into
the formulas. These calculations in the neighborhood of 220
kv. may therefore be slightly in error, and it is hoped that in
the near future some new data will be available in that range.

Also, very little has been done in connection with corona to
ground. It was found in some investigations with which I
have been familiar, that where the lower wire is in fairly close
proximity to the ground, as must necessarily be the case with
these long spans and wide spacings with the 9-ft. strings of the
insulators, there is a relatively large loss between the lower
wire and ground, due to corona. It may be necessary, there-
fore, in some of the future designs, even to go to the extreme
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measure of putting each conductor on a separate relatively
light tower line, separating the conductors by means of separate
towers.

So much has been said about the different types of con-
ductors, copper, copper-clad and reinforced aluminum, it would
seem well worth while in the future to study the possibilities of
steel tubing, making the diameter of the conductor relatively
large and keeping the tensile strength high, the resistivity of
the metal used being of relatively small importance.
With regard to the question of bushings, although those have

been mentioned in connection with transformers, little has
been said about roof bushings or wall bushings, used out of
doors. It probably will be necessary to use bushings with
a much lower factor of safety upon such lines than those which
are being used upon the 140 and 110-kv. lines. In connection
with the new 600,000-volt laboratory installation at Purdue
University, with which we hope to make some tests upon ex-
perimental lines and insulators in the very near future, we have
had difficulty in getting our lines through the building with
anything available at present in the way of bushings, even
with a great reduction in the factor of safety. Of course, Mr.
Silver's paper anticipates new designs available in the future,
but I think the factor of safety will have to be cut down ma-
terially.

F. W. Peek: Regarding Mr. Harding's comments, my
1910 corona loss measurements were made up to almost 250 kv.
The voltage range under discussion was thus actually covered.
Very little would be gained by placing the conductors on single
towers and separating them a considerable distance. The loss
occurs due to high dielectric flux density at the surface of the
conductor. The flux density depends upon the surface, or
diameter of the wire, and the capacity. The capacity is not
greatly reduced by increasing the spacing. The greatest re-
duction in flux density or stress can be made by increasing the
diameter of the conductor.

I do not think that the bushing problem is serious. We
have used bushings up to about 750 kv. without difficulty.

J. A. Koontz: High-tension power transmission at 220 kv.
has been a problem confronting the western engineers for sev-
eral years. While to date it is not a reality, I firmly believe
that lines will be operating at such a voltage before many years.
In fact, had it not been for the war and consequent difficulties
in financing large hydroelectric developments in the past two
years, I believe that such a system would now be operating on
the west coast.
Mr. Silver's statement is quite true that such high voltage

has a limited field and can be used economically only where
large blocks of power must be transmitted over long distances.
The trend of voltage increase in the past ten years has shown
that with increased voltage it has been possible to get increased
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reliability. This is due largely to raising the factor of safety
all along the line. Following this trend, and by carefully work-
ing out all the details, I believe the same high service standard
could be incorporated in a 220-kv. transmission system and
still show economy with improved reliability.
Some of the real problems to be solved where there may still

be some doubt are those of corona, insulation and p'roper oil
and disconnecting switches. There is one question concerning
corona which I would like to ask Mr. Silver, and that is, if any
tests have been made on large conductors in order of 1 in. in
diameter to see if 0.87 is the proper conductor irregularity
factor, as from some preliminary tests made at Stanford Uni-
versity on a 1 in. 37-strand aluminum conductor it would ap-
pear that 0.72 would be nearer the proper value than 0.87.
On pages 1049 to 1052, Figs. 3 to 6, are shown corona loss

curves which I do not believe would represent operating con-
ditions under good practise, as it does not seem to me logical
to hold the generator voltage constant and permit of receiver
voltage variations, but rather, hold a constant receiver voltage
and increase the generator voltage when necessary to take care
of maximum load conditions. In this manner, the customer
will not be subjected to a line drop of both transmission and
feeders, and the corona loss will be reduced.

Fortunately, the Pacific slope weather conditions are such
that mechanical problems are greatly reduced, as in most
cases we do not have to design more than 25 per cent of our
line for sleet loading, and even where sleet is encountered
we do not have to take care of such heavy load conditions as
would be necessary in the Eastern climate.

I notice in the tower design that Mr. Silver has left only
a 4-ft. minimum clearance from towers when insulators are de-
flected to their maximum condition. This does not seem to
me ample, as from experience on high-voltage lines on this
coast, flash-overs seem to be the principal service interruptions
on high-voltage lines, and to eliminate this, it would seem nec-
essary to maintain ample clearance, in fact, experience would
indicate that four feet would be a minimum for 150,000 volts,
as bringing the conductor close to the tower, intensifies the
electrostatic field, and unless special precautions are taken the
conductor may fire with corona near the steel tower members,
which would tend to aggravate any flash-over conditions. This
is a point which seems to me should be given serious considera-
tion in any high-voltage line design.
The insulator problem is certainly very important and the

exact method of taking care of same is one which will probably
present as difficult a problem as any encountered. With a long
string of insulators I believe grading of some sort will be essen-
tial so that insulator units in the long string have more nearly
the same voltage impressed across each one.
The question of automatic operation on 220-kv. lines, should

be given very serious thought before attempting same, as at the
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present most of the long high-tension lines are seldom inter-
rupted by high-voltage switching. When such large blocks of
power are essential with power problems of this magnitude, I
believe the generating stations and substations should be given
greater flexibility, as the failure of a piece of equipment would
necessitate taking out such a large block of power that I think
it would be difficult in general to pick up this power on the
stand-by steam stations in order that there might be no serious
interruptions to service, or, if the auxiliary steam stations were
kept under condition to always take care ot such a shift in load,
it would mean unnecessary fuel expense. I have thought of
the possibility of attempting to group the transformers and
line as a unit, but have always been afraid that this would pre-
sent operating difficulties regarding proper flexibility.
The question of omitting all arrester equipment, I believe

is wise, as with very high voltage the insulation strength is
such that the troubles that the ordinary lightning arrester would
take care of are of little consequence, and I believe greater
safety would result in omitting, rather than installing, any of
the present arrester equipment.
H. G. MacDonald: The modern tendency toward large

concentration of power lhas necessitated a revision of design and
radical departures from previously well-established precedents.
The forms of construction which had proved adequate during
the period of small or moderate powers are entirely insufficient
for modern requirements. Mechanical structures, form and
location of contact elements, and speed of operation have all
undergone modifications.

Best modern practise tends toward a construction built to
withstand considerable internal pressures, as guarantees call
for several repeated operations in quick succession in an at-
tempt to locate and clear short circuits. It is well demonstrated
that the maximum need of heavy construction is not due to
the shocks of the actual circuit breaking operation, but to the
formation of excessive amounts of gas, deterioration and dis-
turbance of oil due to repeated operations, and the ultimate
explosion of this gas. No device which has for its object sim-
ply the confining of the stresses due to circuit interruption
without considering the incident stresses from the attendant
phenomena will produce a breaker which can be considered safe.
Modern breakers of moderate interrupting ability will usu-

ally have elliptical tanks with bracing across the bottom, steel
tops held by tie bolts secured to the bottom bracing, entirely
enclosed operating mechanism, leaving a comparatively clear
slightly crowned top, light moving elements permitting of high
and rapid acceleration, and contacts placed well below the
surface of the oil, and so shaped as to reduce voltage discharge
and to deflect the arc and the attendant gases away from any
insulating surfaces. Adequate vents will be located in such a
manner. as to facilitate the rapid escape of the gases by the cre-
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ation of a draft of air through the chamber above the oil. The
elliptical tank gives the maximum strength for a given space
and in connection with the overhung steel top and tie rods,
makes a construction sufficiently rigid for any service except
the very heaviest where a round tank construction will be used.
A prime consideration in successful circuit interrupting is

speed of opening. As the time during which the arc persists
determines the amount of contact material vaporized, the
amount of oil broken up, the amount of gas liberated, and con-
sequently the pressure formed, it is obvious that quick open-
ing is highly essential. The simple means of accomplishing
this end is by highly accelerating the moving element. Where
this element is light, this will be readily accomplished, but
,when the moving element becomes heavy, and a long travel is
necessary to obtain the proper break distance, some auxiliary
means must be used to quicken the contact separation. Quick
break contacts have been added to certain designs of breaker
by means of which rapid separation of the arcing contacts is
obtained without unduly accelerating the entire moving mem-
ber. Another means of introducing quickly into the circuit
the necessary insulating distance is by using quadruple break
contacts instead of the ordinary double break. By producing
all four of these breaks simultaneously, it is obvious that twice
the separation is obtained within a given time as compared to
the double break. As a maximum resort, quadruple quick
break contacts afford the most rapid separation obtainable
under present designs. The quadruple break, when used in
connection with the round tank construction accomplishes in
a single circuit breaker what would require two sets of pole
units in series in the case of the oblong flat-sided tank, and at
no sacrifice of insulation clearances, and in combination with
the maximum mechanical strength.
A circuit breaker for 220,000-volt service will inherently pos-

sess a large interrupting ability. The insulation requirements
will very largely determine the physical proportions and if a
consistent design from a purely mechanical standpoint is
worked out, a structure of very considerable strength will re-
sult. An oil tank to retain the volume of oil required, and with
fittings and covers sufficiently rigid to carry the operating
means and the contact elements, will be of no mean propor-
tions. By comparatively small additional reinforcement, and
by the use of suitable material at vital points, a structure cap-
able of interrupting very large amounts of power will be pro-
duced. As so much stress is being laid on continuity of service
under all contingencies, the breaker design should be such as
to insure this to the greatest possible extent. The only safe
course is to make the whole breaker structure sufficiently strong
to care for the maximum stresses which might occur under any
conditions which might reasonably be anticipated. No exist-
ing method of ventilation will dispose of the gas with absolute
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certainty that no explosion will occur in the main body of the
breaker. The explosion chamber used on certain designs of
breaker does not eliminate the formation of gas. This gas will
presently pass into the air chamber above the oil and must be
disposed of. The arrangement of details, and the movement
of the breaker parts present the possibility of the arc which
originates in the top portion of this explosion cylinder (the
cylinder being practically tight at the top) following the mov-
ing contact in its downward travel, expanding as it goes, and
expelling all the oil before it. The cylinder is now filled with
incandescent metallic vapor forming a conducting path for
the full length of the cylinder. As the moving contact leaves
the cylinder by a very small distance, the possibility of the
formation of a large amount of gas and serious damage to the
breaker seems to be not very remote. If, on the other hand,
the breaker structure entire is made with a view to withstand-
ing abnormal pressures, and the design provides for a rapid
contact separation to a sufficient distance so as to preclude the
possibility of the arc holding through the distance, the maxi-
mum safety and assurance of continuity of service is afforded.

L. B. Chubbuck: Referring particularly to the descrip-
tion on pages 1093 and 1094 of proposed 220-kv. oil circuit
breakers, I note Mr. Silver's suggestion of breakers with rup-
turing capacity of 3,000,000 to 4,000,000 arc kv-a. We have
furnished the Ontario Hydroelectric Power Company with a
number of large 110-kv. breakers which have been subjected to
very heavy short circuits and believe our experience may be of
interest. Three Niagara stations are interconnected to give
a combined generator capacity of nearly 200,000-kv-a. and
while bus reactors are used, the main H. T. breakers have suc-
cessfully handled short circuits up to nearly 1,000,000 arc kv-a.
These breakers are of very heavy round tank construction with
motor fans on each tank to prevent the collection of an ex-
plosive gas mixture in the expansion chamber.
We have found that older design breakers are not capable

of handling such service, and on even much lighter service will
smoke badly after one or two operations. As a result of serious
trouble with such breakers used on too heavy service, the neces-
sity for a large factor of safety in heavy capacity circuit breaker
design cannot be emphasized too strongly.
On these proposed high-capacity, high-voltage power sys-

tems, out-door breakers are recommended, also as much sec-
tionalizing, and as little switching at the generating station as
possible.

J. N. Mahoney: Commenting on the problem of oil circuit
breakers for high-voltage high-duty service, the cylindrical
form of tank of the boiler drum type has particular advantages.
This form is inherently adapted for the use of four breaks in
series per pole or per phase.
When properly designed this form of tank will withstand ex-

plosion of hydrogen or hydro-carbon gas and air in the space
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above the oil. It is true however, that good design also in-
cludes provision for removing, displacing or neutralizing such
gases and preventing their slow accumulation to any consider-
able pressure as an explosive mixture.

Because of the inherent possibilities, the tank design should
be adequate to at least withstand an explosion of a mixture of
hydrogen and air at atmospheric pressure with a reasonable
factor of safety.

There should be no difficulty in meeting the insulation re-
quirements with present well tried methods and materials.
The only uncertainty is in predicting the probable voltage
surges to be met when such a large system is disturbed by un-
usual conditions.

E. B. Meyer: The fundamental consideration underlying
Mr. Silver's paper on 220-kv. power transmission is the eco-
nomic utilization of our fuel and water power resources in a
manner calculated to conserve them to a maximum extent.
During the period of the war the need of conservation,

coupled with the necessity for a maximum useful expenditure
of power, made this subject one of the very considerable im-
port. The cessation of hostilities, however, has relieved the
pressure somewhat, but the question of the practicability of
high-voltage trunk lines is still one which will claim the atten-
tion of engineers and capitalists.

It is not my intention to go into the consideration of the tech-
nical features of the 220-kv. transmission project, believing
that these problems can be solved as they are encountered.
The author points out that such a trunk line as he has in

mind must be operated at a very high load factor, the loading
per circuit being 100,000 kv. or higher.
With a transmission line having such a large capacity, con-

tinuity of service,becomes at once the primary requisite and it
is, therefore, necessary to take into consideration the fact that
spare circuits must be erected to insure the service.
The cost of this insurance to the service, in the form of spare

circuits, increases the fixed charges, per unit of energy delivered
very materially, and it is doubtful whether a system operating
less than three or four lines, delivering in the neighborhood of
a half-million kv-a., could bear this expense and still prove to
be an attractive financial investment.
The generation and distribution of an amount of power of

the magnitude indicated as necessary to the financial success
of such an enterprise would require exceedingly large expendi-
tures of money and would have to be preceded by a thorough
and radical reorganization of the engineering policies as at
present contemplated by the central station industry.

In arguing for the erection of the large generating stations lo-
cated in the coal fields, there are two basic considerations:

First: Savings in freight charges with the consequent release
of railroad equipment for other uses.
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Second: The opportunity of utilizing low grade fuel which
would not be worth transporting.

There is some doubt as to the feasibility of carrying out a
project of this nature, except on an exceedingly large scale, as
the differential in favor of a plant at the distant energy source
is quite small.
The erection of a plant in the coal mining district for instance

would require that the following factors be very carefully in-
vestigated in arriving at comparative construction and opera-
ting costs:

1. Availability of cooling water and possible high cost of
erecting dams, cooling ponds, etc.

2. Increased cost of boiler plant to provide grate and furnace
space sufficient to burn low grade fuel.

3. Cost of transmission line right-of-way and cost of con-
structing and maintaining the line.

4. Line losses and transformer losses.
5. Labor costs and housing facilities for construction and

operating force.
C. E. Howell: A study of Mr. Silver's paper appears to

definitely bring out at least two apparent difficulties to be met
in the construction and operation of the super-power transmis-
sion systems of the near future. These seem to me to be a
matter of human inertia and commercial conservation rather
than lack of ideas. These two points are:

First, the low mechanical strength of any high-voltage in-
sulator now on the market;

Second, lack of methods of protecting a large portion of a
transmission system from the effects of line trouble on a small
section of it.
The practical application of any insulators on the market at

the present time probably would necessitate the use of the usual
disk with cap and pin, or the insulator known as the "Hewlett
Disk." No other insulators have had sufficient application to
eradicate apparent defects. These two types have an ultimate
mechanical strength so low that it would undoubtedly be neces-
sary to limit their ultimate load to approximately 3000 pounds
per string of insulator units. To withstand the mechanical
loads which will be impressed on insulators on high-voltage
lines of the future, it would be necessary to use a large number
of strings of insulators if the above types are employed. This
would necessitate large expenditures for insulators, hardware,
etc., as well as increasing the dimensions of the supporting
structures and therefore their cost. To even imagine replacing
a defective disk in a six string tension assembly with 17 disks
per string on a line similar to the one described by the author
of this paper, causes one to pause.
As a constructive criticism, it is suggested that the present

types of insulator shapes be discarded for the moment and sus-
pension units using comparatively large amounts of porcelain
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in compression to permit greater working loads per string of
units, be employed. Small diameter insulators for low-voltage
distribution lines and for guy anchors have been constructed
on this principle with resulting mechanical strengths of com-
paratively enormous values, and it is believed that the same
ideas may be extended to include the development of insulators
for use on high-voltage large capacity lines. It is to be hoped
that better ideas than this may be forthcoming soon, but the
above suggestion should lead to a departure from the present
practise of insulator construction and perhaps to an insulator
worth perfecting.
The great transmission systems of the future will require

better systems of protection from line trouble than those now
employed. As systems and interconnected systems become
larger and larger, difficulties of minimizing effects of scattered
short circuits, etc., on the whole net work will multiply. The
possibilities of obtaining switching equipment to successfully
interrupt short circuits on individual circuits consisting per-
haps of less than 5 per cent of a system, are good, but means
for preventing this short or ground from demoralizing the re-
maining 95 per cent of a larger system are less easily perfected.
Sooner or later service will demand some method of nearly in-
stantaneously reducing the value of a short circuit to a reason-
able figure (thus not effecting the remainder of the system),
and later disconnecting the circuits in trouble. Most certainly
a million kilowatt system with 220 kv. or even higher kv. trans-
mission lines will not be permitted to lose say 800,000 kw. of
its load because some small portion of the system is subjected
to a "bump." The present-day method of interrupting a por-
tion of the system in trouble and at the same time effecting the
operation of the remainder for perhaps an hour or more, is
analogous to applying brakes to a high speed train in such a
manner that the tracks become unservicable, thus disrupting
the schedule of the remainder of the railroad indefinitely, al-
though undoubtedly stopping the train in question.

It is suggested as a means of accomplishing the results which
it will soon be necessary to obtain in operation, that switching
equipment be so designed, constructed and arranged that it
will be possible to nearly instantaneously insert in a circuit in
difficulty resistance or reactance, or a combination thereof, be-
fore interrupting such circuits. This would relieve the remain-
ing portion of the system of some of the effects of the short
circuit. This scheme will, undoubtedly, be recognized as the
idea which was intended to be employed in the reactance type
of oil switch which was placed on the market several years ago,
and which has had a more or less successful career. It is be-
lieved that either resistance or reactance, or a combination
thereof, may be employed to perform the function suggested
above, but that it will be necessary to liberally construct the
switching equipment employing this feature, in order that me-
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chanical difficulties may be prevented. This may necessitate
employing two switches, or two separate switching elements in
one switch, or a switch containing two separate elements and
the reactance or resistance.

There are undoubtedly other and better ways of solving this
problem but whatever they may be, it is to be hoped that better
means of switch4ng large capacity systems, than now employed,
may soon be available.

T. B. Parker: In the design of steel towers for transmission
lines, it has been found necessary to fit each type of tower to
definite conditions, which shall as nearly as possible represent
the requirements of actual operation. As in the paper under
discussion, it is usual to specify three sets of design loadings;
(1) a vertical load, representing the dead weight of structures
and conductor and the effect of vertical angles; (2) a trans-
verse, horizontal load, representing the direct over-turning
effect of wind and horizontal angles; and, (3) a torsional load
to provide for the effect of broken wires and unbalanced load-
ing.

In view of the large savings that can be made by small
changes in detail, it is desirable, when possible, to subject each
tower type to actual tests. It is best to make test loads iden-
tical with design loads, and, for the sake of simplicity, to con-
sider each set of loads as separately applied. This means that
a tower will be designed for the maximum stress produced by
any one of the three non-simultaneous sets of loadings.

Line towers, however, are normally subjected to loads which
are not purely vertical or horizontal, but a combination of both.
It is therefore necessary to know the effect of many different
load combinations upon each type of tower, before choosing
the proper type for each location. To determine these effects
requires much study, while their neglect may result in danger
to the line, or in loss of economy.

It is evident that separate design and test loads do not lend
themselves to convenient use in line design, while combined
test loads would needlessly complicate the procedure and make
comparisons difficult. The solution would appear to be the
use of separate design and test loads, with the addition of com-
bined loads, each made up of definite proportions of the original
vertical and horizontal loadings. Thus, a tower designed to
carry non-simultaneously certain vertical and horizontal loads
might also be required to support three-quarters of the hori-
zontal load, together with one-half of the vertical. Two or
three such specified combinations suffice to definitely establish
the characteristics of a tower and to clearly define its limitations.

This method has the advantage of retaining the separate,
non-simultaneous test loads, but extends the design work to
cover mutually consistent combinations. Possibilities of over-
load are avoided, and greater economy secured by taking advan-
tage of the maximum strength of towers under all conditions.
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J. B. Crane: The paper presented by Mr. Silver is very
important at this time as it points out one way in which large
systems can be interconnected to secure the maximum. advan-
tages of diversified loads.
On page 1087 the author shows a typical diagram and it is

suggested that it might be possible to cutout the 220-kv. bus at
the main substation and to use the 66-kv. oil switches on the
low-tension side of the transformers. This is, of course, on the
assumption that the substations will be operated at 66 kv. or
110 kv. and that further transformation will be necessary in
case it is decided to furnish low-tension power from the sub-
stations.
The use of 220 kv. for transmission presents some very in-

teresting operating problems and on account of the present
high cost of building transmission lines it is suggested that a
careful study should be made to replace insulators with current
on the line in order to obviate the expense of building and
maintaining duplicate transmission lines for any single service.
The use of fifteen insulators in one string should allow a

factor of safety large enough for the proper testing and renewal
of defective insulators. The writer has had some experience
with operation at 110 kv. where we have been using seven in-
sulators on tension and eight insulators on strains or semi-
strains. The practise is to test the insulators once a year (this
will probably be shortened to once in six months) and where
three defective insulators are found in one string the trouble
is immediately reported and the line gang replaces same as
soon as possible. Where less than three defective insulators
are found the matter is reported on the regular daily report
and the insulators are changed at the earliest suitable time.
There was one case recorded where the line was operating with
four defective insulators in one string leaving only three good
insulators for protection of the line.

It is suggested that it would be possible to put two clamps
in series on each wire and make suitable suspension hangings
above each of these clamps so that an entire new string of in-
sulators could be placed on a tower to take care of any defec-
tive strings and suitable fittings could be made for fastening
the insulator assemblv to the clamps and to the tower so that
same could be done without interrupting the service.
The writer believes that an experimental line one-half mile

long should be built and operated at 220 kv. as soon as possible
in order to work out some of these operating details and to as-
certain just what kind of trouble would be likely to be en-
countered in practise.

A. E. Silver: Several speakers have mentioned the inter-
linking type of insulator as being especially suitable for 220-kv.
service. However, due consideration must be given to the
difficulties of mechanical assembly under the heavy loading
requirements of 220-kv. construction, which with present de-
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signs of this type of insulator would be even more serious than
with the standard cap and pin type.

Mr. Hanker's point as to the possibility of over excitation
of generators by the line charging currents, resulting in abnor-
mal voltages on the transmission line, is well taken. In
specific cases careful consideration should be given to eliminat-
ing danger from this source.

Referring to Mr. Summerhayes' point regarding Figs. 1 and
2, the titles are misleading, although it is noted in the foot notes
accompanying these figures that generator voltages of 225 kv.
and 170 kv. and corresponding receiver voltages of 200 kv.
and 150 kv. are used in the comparison.

It seems to me that the essential thing now is not to
endeavor to draw any definite conclusions but to come to a
thorough realization that the problem of developing 220-kv.
transmission is definitely confronting us and to present clearly
to the engineering profession the conditions of the problem
and then to all work together to bring out the best possible
solution.


